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ABSTRACT
An experimental study was made on a laboratory
ESR unit which used a direct current power supply. The
temperature was measured in the electrode, the slag
and the ingot for various operating conditions.
For
flow conditi
level. The
determined w
essentially
One-dimensio
dimensional
model.
ingot.
approxi
pool.
program
and the
the electrode, approximately adiabatic heat
ons were found on its surface above the slag
immersion depth of the electrode in the slag
hether heat flow in the electrode was
one-dimensional and axial or two-dimensional.
nal heat flow was treated analytically. Two-
heat flow was treated with a computer thermal
Steady state thermal models were derived for the
A first analytical model used the moving fin
mation but did not predict the shape of the metal
A second thermal model, treated with a computer
predicted the entire temperature distribution
shape and position of the liquid metal pool.
The electrical power input appears to be the
main independent variable determining the melting rate
of the electrode.
The slag appeared to be at a nearly uniform
temperature except at boundary layers at surfaces as
the ingot, the electrode and the mold. The slag is
the main heat source in the entire ESR process and heat
is generated in the slag non-uniformly.
II
Using the results of this study on the laboratory
unit, a heat transfer study was made on industrial ESR
units. The one-dimensional analytical thermal model was
expected to give valuable estimates of the temperature
profile in the electrode. Departures from this profile
due to the effect of immersion depth in the slag and the
presence of a parabolic tip are calculated.
On industrial ingots, an investigation with the
computer thermal model showed that the dimensionless depth
of the metal pool (ratio of the depth of the metal pool to
ingot radius) is proportional to casting speed and varies
linearly with ingot radius. Other operating parameters
considered were the temperature at the top of the ingot,
the heat transfer coefficient between the ingot and the
water, the effective thermal conductivity of the metal
pool. Of all operating parameters, casting speed is found
to be most important in determining the shape of the metal
pool.
Temperature distribution in the slag of industrial
ESR units depends on convective and electromagnetic
stirring and may not be uniform. The slag constitutes the
main electrical resistance and the main heat source in the
ESR process.
Thesis Supervisor: John F. Elliott
Title: Professor of Metallurgy
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NOMENCLATURE
Specific heat,
C1 , for liquid
cal /g;
steel
Heat transfer coeffic
hj, between the ingot
between the immersed
liquid slag
C s, for solid steel,
ient, cal/cm2/sec/0C;
and the water; hsl,
electrode and the
Enthalpy, cal/g; HT, at temperature, T0C
Thermal conductivity, cal/cm/sec/ 0C; ks,
solid steel; k1 , for liquid steel
Latent heat of fusion of steel, cal/g
Mass flow rate, g/sec
Radius,
radius;
cm;
Rm,
RE, electrode
mold radius
radius; R,, ingot
Surface area, cm2; SE, cross section el
SP, cross section ingot
Heat flux, cal/sec
Time, min
Temperature, 0C; TE, upper part
Tme, solid end of electrode; To
Ts , bulk of slag; Tssl, surfac
an ular space between electrode
Tt, top of ingot; TW, water
ectrode;
of electrode;
surroundings;
e of slag in
and mold;
Speed, cm/min; VE, melting speed of electrode;
V1, casting speed of ingot
Heat generation, cal/cm 3/sec; WE, in electrode
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ingot; Zs, between top of ingot and bottom
metal pool at the surface of the ingot; Zp
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emissivity,
electrode;
dimensionless; c , copper; cE'
s slag
density, g/cm 3
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xvi
o Stefan-Boltzmann constant, 1.356 x 10-12
cal/cm2/sec/OK 4
I. INTRODUCTION
Knowledge of temperature
heat flow is very important to
Electroslag Remelting process.
in the electrode is also import
gradients and the resultant
adequately understand the
The absolute temperature
ant for the prediction of
possible tran
In the ingot,
the shape of
These local s
on the macro-
segregation i
also importan
properties of
the slag and
There h
and heat flow
determine the
sformations and
the temperature
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reactions
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the electrode.
determines
metal pool and local solidification
olidification times
and microstructure
n the ingot. In the
t because it has an
the slag as well as
heat generation in t
ad been little previ
and this study was
importance
times.
have a profound influence
and on the extent of
slag, the temperature is
effect on the refining
on heat transfer through
he slag.
ous research on temperature
undertaken to attempt to
of different modes of heat transfer.
An experimental study
unit with direct current.
the electrode, the ingot an
conditions. Thermal models
with the experimental measu
of the thermal models to in
considered.
was made on a labo
The temperature was
d the slag for vari
have been derived
rements. Possible
dustrial ESR units
ratory ESR
measured in
ous operating
and validated
appl i cations
are also
II. LITERATURE SURVEY
There have been very
distribution and heat flow
studies are referenced in
will be discussed at appro
Thermal models derived to
casting machine and vacuum
mentioned briefly.
Mitchell, Joshi and
with experimental measurem
for the temperature distri
model only applies to the
slag level. The way the el
rather poorly understood(2
transparent crucible to st.
few investigations on temperature
in the ESR process. Major
this section and their content
priate points in the thesis.
treat ingots made by continuous
arc remelting process are
Cameron(l) wrote and validated
ents a computer thermal model
)ution in some electrodes. This
)art of the electrode above the
ectrode melts in the slag was
,3) until Campbell(4) used a
udy the formation of liquid metal
droplets at the electrode tip. The melting of the
electrode is obviously dependent on the temperature in the
slag which has only been studied qualitatively in labora-
tory ESR unit by Campbell(4) and Panin et al(5). This
temperature in the slag depends on the heat generation and
heat transfer in the slag. An investigation on this
subject has been undertaken by Mitchell(6). Related to
the heat transfer in the slag, Roberts(7) studied some
techniques for maximum melting rates and minimum power
consumption.
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The temperature distribution in the ESR ingots
has a direct influence on the solidification in the ingot.
Some solidification patterns have been reported(3,8-ll) and
for the temperature distribution in the entire ingot, Sun
and Pridgeon(12) proposed a computer model to predict pool
shapes using a finite difference technique. Several other
thermal models have been written for ingots, but they are
only valid for ingots produced by processes such as the
continuous casting machine and the vacuum arc remelting
process. For the continuous casting machine Savage(13),
Hills(14,15) and Irving(16) developed analytical solutions
for the heat transfer using integral profile techniques.
Similarly Cliff and Dain(17) made extensive computerized
calculations on steel billets. Various numerical solutions
for the heat transfer have been developed. By neglecting
axial heat flow, Pehlke(18) and Mizikar(19) solved a transient
case. Schroeder and Lippitt(20) considered transient two-
dimensional heat flow. The two-dimensional steady state has
been treated by Adenis, Coats and Ragone(21) and Kroeger(22).
For the ingots produced by the vacuum arc remelting process,
thermal models have been derived both with an approximate
analytical solution(23) and with a computer program(24).
These models are discussed in Section VIII.B.6.
i
4III. OUTLINE AND PLAN OF WORK
The experimental study for this investigation was
made on a laboratory ESR unit. Details of the experimental
investigation are given first.
A preliminary investigation showed that it was best
to analyze separately temperature and heat flow in the
electrode, the ingot and the slag.
For the electrode and the ingot, the temperature
measurements are described, the heat flow conditions are
analyzed and thermal models are derived. The predicted
and experimental results are compared to assess the
validity of the proposed models.
For the slag ,the experimental study consisted in
temperature and voltage measurements. Possible mechanisms
of heat generation and heat transfer are briefly analyzed.
A heat balance on the slag is made for a single power input.
The last part of this study concerns the application
of the results obtained on the laboratory ESR unit to
industrial scale units.
IV. EXPERIMENTAL APPARATUS
The laboratory ESR unit used for the experimental
study is shown in Figure 1. The water-cooled copper mold
was 9-1/2 in. high and had an inside diameter of 2 in.
(Figure 2). It was mounted on a 1/2 in, thick steel plate.
The water flow for cooling was about 16 1/min. The
electrode was a 1 indiameter rod of a commercial AISI
1020 steel. This electrode was remelted in a prefused
slag with an initial composition of 20 weight percent
calcium oxide and 80 weight percent calcium fluoride.
During the experiments, a slag crust formed around the ingot
and a continuous flow of powder had to be supplied to the
mold. A Syntron vibratory feeder, model F-70,was used to
supply the powder.
Electrode movement was controlled by the driving
system of a former Lepel unitmodel FLZ-100. A Minarik
speed controller, model SH-63, gave a continuous speed
range from 0 to 13.5 cm/min.
The power to the unit was supplied by a D.C. arc
welder Miller Electric, model SR 1000 Bl (three phases,
input power 55 kw, 74 kva, 230/460 volts). The output
power during the initial 2/3 sec after turning on the
unit and the power during operation could be selected
independently.
The powder for the slag was an insulator when solid.
Initial melting of this powder was carried out as shown in
Figure 1: Experimental apparatus.
(a) General view.
(b) Detailed view of the mold
the flux feeder.
(a)
(b)
and
Figure 2.
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the electrode
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exothermic
er was used for
automatically
and 24 kw. The
d manually in orde
across the slag. The
selected voltage was between 13 and 28 volts.
Figure 3 shows two ingots cast with a power of 15 kw
and two polarities of the electrode. The negative electrode
mode gave the better surface. The remelted material appears
to be sound after the first 5 cm.
Two recording potentiometers were used for various
types of measurements in the experimental study. One was
a Honeywell instrument with an adjustable span 0-1 to 0-51 m
with up to + 50 mV adjustable suppression. The chart
speed could be selected between 15 and 480 in/min. Full
scale deflection took 1/2 sec. The second recording
potentiometer was a Nulline, model 204, with a span of about
10 mV, a chart speed of 6 in./min and a full scale deflection
of about 1/2 sec.
Other special devices will be described in the
appropriate sections.
r
V
electrode
water
copper tube
O.D. 3 in.
wall: 0.065 in.
steel shield
- flux
exothermic mixture
steel cap screw
Figure 2: The water.cooled copper mold with the initial
starting products.
(a) Negative electrode
mode, casting
speed: 3.4 cm/min
(b) Positive electrode mode,
casting speed: 3.9 cm/min
Two steel ingots cast in the laboratory ESR unit at a power of 15 kw.
5 cm
I
Figure 3:
V. THE ELECTRODE - LABORATORY UNIT
Temperature profiles along the center line of the
electrode of the laboratory ESR unit were measured for
various operating conditions. The electrical power was
varied between 7.5 and 22.4 kw, the melting speeds ranged
from 2.2 to 5.4 cm/min and the immersion depth of the
electrode in the slag varied between 0.3 and 1.4 cm. The
recorded temperature profiles in the electrode indicated
a gradual temperature increase from room temperature to
about 50 0C,followed by a sharp temperature rise up to
about 1460 0C near the tip of the electrode.
Necessary heat transfer conditions to give the
above temperature profiles are analyzed. It is shown
that the immersion depth determines whether the heat flow
in the electrode is one-or two-dimensional.
Two thermal models are derived. For one-dimensional
heat flow, the system may be treated analytically, whereas
for the two-dimensional case, a computer program is used.
The experimental and predicted results are compared to
assess the validity of the proposed models.
A. Experimental Study
Temperature measurements were made with a thermocouple
in the electrode of the laboratory unit. The procedure is
summarized below and results are given for four experiments.
I
1. Temperature measurements
Details of the thermocouple installations for
measuring temperatures in the electrode are given i
Figure 4. A Pt-Pt 10% Rh thermocouple protected wi
thin wall alumina tube (2.7 mm 0.D.) was inserted i
3 mm diameter hole drilled at an angle of 25 degree
the axis of the electrode. The initial position of
thermocouple junction
from the tip of the el
connected through a 00
recording potentiomete
speed of 360 in.per ho
line of the thermocoup
speed of the electrode
by the procedure descr
2. Experimental
The operating co
given in Table 1. The
was at the center line, about 50 cm
ectrode. The thermocouple was
C cold junction to the Honeywell
r (Section IV) which had a chart
ur. The microswitch placed on the
le was used to measure the driving
. The melting speed was calculated
ibed in Appendix II.
results
nditions for f
voltages were
our experiments are
measured between the
electrode clamp and the base of the mold.
Experiments 1 and 2 led to the highest and the
lowest melting velocities for a power of 15 kw as shown
in Table 10.
The immersion depth of the electrodes in the slag
was measured using the height of a solid slag layer found
around the cylindrical surface after fast remoyal of th-e
electrodes. This slag layer had an average thickness of
II
a
to
the
electrode
lumina protection
2.7 mm;
1.7 mm
Installation
temperatures
thermocouple for measuring
the electrode.
Figure
Table 1
Operating Conditions in the Experiments
on the Electrode (Positive Electrode Mode)
experiment
number 1 2 3 4
power, kw 15 15 7.5 22.4
voltage, volts 20 20 13 28
current, amps 750 750 580 800
melting velocity,
(+5%) cm/min 4.3 3.5 2.2 5.4
d cm 0.3 0.9 0.3 0.6
d cm 0.2 0.7 0.0 0.6
.def cm 0.4 1.4 0.3 1.0
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electrode into the slag when it reached the tip. This
result is excluded from the following analysis.
B. Analysis of the Results
The temperature profiles in Figure 6 indicate a
gradual temperature increase from room temperature (200)
to about 500C, followed by a sharp rise to 1460 0 C. The
temperature of 50 0C is used as a level dividing the
electrode into an upper part and a lower part. The posi-
tion of this level is read from the plots in Figure 6.
The heat transfer conditions in the two parts of the
electrode are analyzed successively below.
1. Heat transfer in upper part of electrode
The temperature rise up to 50 0C is attributed to
the heat generation by Joule effect. This rise corresponds
to a uniform temperature increase of the upper part of the
electrode as analyzed in Appendix IV. The results are
given in Table 2 for the four experiments. Table 2 shows
that if a steady state temperature had been reached, the
difference between the center line and the surface tempera-
tures would have been less than 0.3 0 C. This shows that in
the upper electrodes, the temperature profile in cross
sections was flat. From the duration of the temperature
rise, effective heat transfer coefficients have been
calculated. They account for the heat transfer by convec-
tion due to the motion of the electrode and to the hot slag
which heated the gases around the electrode. The time
Table 2
Heat Generation in the Electrode
(Results of Appendix IV)
experiment
number 1 2 3 4
power, kw 15 15 7.5 22.4
current, amps 750 750 580 800
heat generation,
cal/cm 3 /sec x 03 79 79 47 90
different between
center line and
surface tempera-
tures, OC 0.3 0.3 0.2 0.3
time to reach
500 C, min 8 8 15 7
effective heat
transfer coeffi-
ci ent,
cal /cm2/sec/OC
x 104 6.7 6.7 4.5 7.7
steady state
temperature, OC 95 95 86 94
time constant,
t, min 14 14 21 12
time for thermo-
couple to reach
tip electrode (at
14600C), min 11.5 12.3 22.5 8.3
temperature in
upper part elec-
trode when thermo-
couple reached tip,
Oc 62 63 63 56
constants for the rises are found to be less than 21
minutes and possible steady state temperatures are
evaluated at less than 950C. During the time it took for
the thermocouples to record temperatures between 50 0 C and
1460 0 C, calculations show that the temperature of the
upper part increased from 500C to less than 63 0C. A
temperature of 63 0C was still lower than the steady state
temperature.
2. Heat transfer in the lower part of electrode
The plots of Figures 7 through 10 are assumed to
correspond to steady state temperature profiles along the
center line near the tip of the electrode. The unsteady
temperature rise of the upper part of the electrode above
500C is neglected. The heat flow conditions are analyzed
in Appendix V using a heat balance on the lower part of
the electrode as shown in Figure 11. The term mE (H500C -
H14600C) corresponds to the enthalpy variation of the flow
of material entering at 500C and leaving at 1460 0C. Q,
and Q5 account for the heat fluxes by conduction coming
from the slag. Q2, the conductive heat flux leaving the
lower part of the electrode, is zero since the upper part
was at a uniform temperature. Q3 is the heat generated by
Joule effect. Q4 corresponds to the heat exchange by
conduction in the gas of the annular space and by radia-
tion with the surface of the slag and the inner wall of the
mold.
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(Results
experiment
number
power, kw
current, amps
melting speed,
cm/min
d eff, cm
dem, cm
mE(H500C-H1 4 600C)'
cal/sec
temperature gradient
at tip, OC/cm(a)
Q1, cal/sec
Q3 , cal/sec
Q4 , cal/sec
Q5 , cal/sec(b)
Table 3
Lower Part of the Electrode
of Appendix V)
15
750
4.3
0.4
14.6
-661
1550
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24
15
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16.1
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Calculated temperature profiles using these models
compared with the experimental profiles of Section
1. One-dimensional thermal model
The electrode in experiments
adiabatic condition at the cylindri
V.B.2). The melting conditions are
classical case of ablation(28) of
temperature, TE, melting at a const
a constant temperature, Tme, and a
The temperature profile can be expr
when the physical characteristics a
(Table 4). Using negative values f
given by
1 and 3 had nearly
cal surface (Section
comparable to the
an infinite slab at
ant position (Z = 0)
constant velocity, V
essed analytically
re assumed constant
)r Z, the profile is
T 
- TE
T - T E
From this formula
ep CsV E Z
s
and the physical constants given in
Appendix I, temperature profiles have
the four experiments. The results are
7 through 10 for comparison with the e
For experiments 1 (Figure 7) and 3 (Fi
agreement above 350 0C is good. The di
than 50 0 C and becomes less than 100C f
above 1100 0 C. For temperatures lower
discrepancy reaches as much as 100 0C.
is thought to exist because the analyt
take into account the variation of the
been calculated for
plotted in Figures
xperimental results.
gure 9), the
screpancy is less
or temperatures
than 3500 C, the
This last discrepancy
ical solution does not
physical properties
are
V.A.
(1)
Ii
,
E'
Heat conduction equation
d (ks i) 
_ d (PCsVET) = 0
Boundary conditions:
(1) Z = 0
(2) Z -c
T = Tm
T = TE
when ks and PCsVE are not functions
of Z, the solution is expressed as:
T - T epC VE
T -ET ks Z)
Gradient at Z =
dT
dZ z=0
--0 T=TE
E
0 T=Tm
(Z < 0)
0
(Tine - pGsVEm e-e T E) k s
Table 4: One-dimensional Thermal Model for the Electrode.
I
which at low temperatures are very different from those
at high temperatures (Appendix I). This discrepancy is
considered acceptable since the low temperatures are
certainly of lesser importance in the ESR process. For
experiment 2 (Figure 8) the calculated profile under-
estimates the experimental profile by as much as 300 0 C,
at true temperatures of 700 0C. This shows that, as mentioned
in Section V.B.2, a one-dimensional model cannot apply to
this experiment.
The calculated profile of Figure 10 is almost parallel
to the experimental profile between 500 0C and 1200 0C. This
confirms that experiment 4 certainly corresponds to one-
dimensional heat flow conditions, as expected from the
discussion in Section V.B.2.
An effect of a change in the entering temperature of
the material, TE, on the temperature profile is shown by
the following derivation of equation (1).
T -TE
dT = [1 - Tine 
- TE] x dTE
A maximum increase of TE from 50 0 C to 950C as mentioned in
Section V.B.1, would shift up the calculated temperature
profile by about 14 0C at 500 0C. This variation decreases
at higher temperatures. This effect is considered
negligible. It is concluded that the assumption of a
steady state temperature profile made in Section V.B.2 is
valid.
(2)
2. Two-dimensional thermal model
The two-dimensional thermal model consists of the
solution of a steady state heat conduction equation for
appropriate boundary conditions.
The heat conduction equation, derived in Appendix
VI, is expressed by the following second order partial
differential equation:
(ksr 2) + (ksr T - PC V rT) + rWE = 0 (3)
The boundary conditions are listed in Table 5. The
electrode is considered semi-infinite in length with a
constant temperature, Tme, at the tip (boundary condition
1) and a temperature, TE, as Z goes to minus infinity
(boundary condition 4). Boundary conditions 2 and 3
express respectively the heat transfer between the slag and
the surroundings above the slag level as mentioned in
Section V.B.2. Boundary condition 5 takes into account the
axial symmetry.
Numerical solutions to equation (3) are obtained with
a finite difference method of relaxation using the general
purpose computer program EPS.(26). This program is briefly
described in Appendix VII. Its application to experiment 2
is detailed in Appendix VIII. The physical data are those
of Appendix I. The boundary conditions correspond to the
heat flow by conduction and radiation analyzed in Section
V.B.2. A calculated temperature profile along the center
Heat conduction equation
(ksr )
Boundary
+ {(ks rl -
.+ 
rWE
conditions:
(1) At Z = 0, T = Tme
(2) At r = RE and for
Z > -d ,
pCs V ErT)
=0
-d
Se ff
--C (4)
tT = TE
T=E
(5)
(3)
T=T me
s- r r=R
(3) At r = RE
= hsl(T-Tsl)
and for Z < 
-deff,
sr r=R q
(4) For Z -- , T = TE
(5) At r = 0, D= 0
Thermal Model for the Electrode.
h sl ,Tsl
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the calculated profile follows the experimental profile
within less than 100 0 C above 700 0C.
The last experiment, experiment 6, was made with a
negative electrode mode at a power of 15 kw. The melting
rate was 3.4 cm/min and the immersion depth 1.1 cm. The
experimental temperature profile along the center line of
the electrode and two profiles calculated with the two
thermal models are plotted in Figure 13. Due to the
relatively high immersion depth of the electrode, only
the profile calculated with the two-dimensional heat flow
model, is in good agreement with the experimental profile.
D. Conclusions
Experimental measurements on the laboratory ESR unit
gave temperature profiles along the center line of the
electrode for various operating conditions. The analysis
of the experimental results showed that heat flow in the
electrode was one-dimensional and axial for low immersion
depths as in experiments 1, 3, 4 and 5 (Figures 7, 9, 10
and 12). For higher immersion depths as in experiments 2
and 6 (Figures 8 and 13), heat flow became two-dimensional
due to heat exchange between the electrode and the slag
through the immersed cylindrical surface.
Two steady state thermal models were derived for the
two types of heat flow conditions. The validity of these
models is shown by the satisfactory agreement found between
the calculated and the experimental temperature profiles
along the center line of the electrodes.
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Figure 13: Experiment 6 - temperature profile along center line of electrode.
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VI. THE INGOT - LABORATORY UNIT
Experimental measurements were performed on the
laboratory ESR unit. A power of 15 kw was used with a
current of 750 amps and a positive electrode mode. A
casting velocity of 1.1 cm/min was obtained. Thermocouple
measurements were made on a vertical line at 0.6 cm from
the cylindrical surface of the ingots and over the first
5 cm from the top. As explained later, carbon was added
in the upper part of the ingots. The carbon content in
the upper part was found to be almost uniform at about
0.65 percent. At this carbon content, the liquidus and
solidus temperatures were measured by differential thermal
analysis. These temperatures were found to be 1484 0C and
1380 0C respectively. The approximate shape of the solidi-
fication front was determined by sulfur prints. Finally
thermocouple measurements were made in the starting bolt.
From the experimental measurements the temperature
distribution in the entire ingot was derived. The tempera-
ture was found to become steady after the height of the
ingots reached at least 1.8 times their diameter.
Uniform temperature is assumed in cross sections
of the ingots and is derived using the analytical approxi-
mations of the moving fin. An average heat transfer
coefficient between the solid ingot and the water is
evaluated with this model by matching the calculated
I
temperature profile with the experimental profile at 0.6 cm
from the cylindrical surface of the ingot. The thermal
conductivity of the solid slag crust around the ingot is
deduced.
A second thermal model is derived and consists of
the solution of a heat conduction equation for the proper
boundary conditions. This model accounts for the shape
and position of the mushy zone and is treated with a
computer program.
The experimental and predicted results are compared
to assess the validity of the proposed models.
A. Experimental Study
1. Temperature measurements in the ingot
The temperature measurements in the ingot had to be
performed underneath the slag bath which was at a high
temperature (above 1655 0C as shown in Section VII, Table 8)
and was also chemically corrosive. For this reason, a
double tube was used to protect the Pt-6%Rh/Pt-30%Rh thermo-
couple wires. As shown in Figure 14, the inner alumina
tube was surrounded by a graphite tube sealed at one end.
The thermocouple was connected directly to the Honeywell
recording potentiometer described in Section IV. The chart
speed was 360 in/hour. The above thermocouple had an emf
of -0.002V at 250 C and a 0 0C junction was not necessary as
the error was less than 1 0C at all temperatures.
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Details of thermocouple are given in Figure 14.
Temperature measurement inside ingot.Fi gure 15 :
Finally it was assumed that the recorded temperature
profiles corresponded to steady state heat flow conditions.
The validity of this last assumption is proved in Section
VI .B.
Two temperature profiles corresponding to a
distance of 0.6 cm from the cylindrical surface of the
ingot are plotted in Figures 16 and 17. These profiles
are in good agreement with each other for temperatures
below 1483 0C. At 1100 0 C the discrepancy is about 250C.
Above 1483 0C, the discrepancy reaches 60 0 C at the top of
the ingot.
2. Carbon content in the ingot
The carbon content was determined in the ingot for
which temperature measurements are given in Figure 16.
The results are plotted in Figure 18 for the level of the
tip of the thermocouple and in Figure 19 along the axis of
the ingot. A maximum carbon content of about 0.8 percent
was found in the immediate vicinity of the thermocouple
(Figure 18). Above 10 cm from the bottom of the ingot,
where the thermocouple measurements were made, the carbon
content was about 0.65 percent. Below 10 cm, the carbon
content was 0.25 percent. This value corresponds to the
carbon content of the steel electrode.
3. Liquidus and solidus temperatures of the
remelted material in the upper part of the
ingot
The two profiles of Figures 16 and 17 do not indicate
the liquidus and solidus temperatures of the steel due to
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the sharp gradients at high temperatures (about 250 0 C/cm
at 1400 0 C). The plot of Figure 16 shows a change of slope
at about 1485 0C. Using a differential thermal analysis
on a 0.65 percent carbon sample of the first ingot, the
liquidus and solidus temperatures were found to be equal
to 1484 0C and 1380 0C respectively. The details of the
procedure are given in Appendix III.
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Temperature measurements were performed at the
bottom of a third ingot by inserting a Pt-6% Rh/Pt-30% Rh
thermocouple in the starting bolt as shown in Figure 21.
The recorded temperature profile is plotted in Figure 22
as temperature versus height of the ingot.
This last measurement completed the experimental
study on the ingot.
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B. Analysis of the Experimental Results
From Figures 16 and 17, the experimental temperatures
at the top of the ingots were equal to 16500 C and 1590 0 C
respectively.
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Figure 24 shows the temperature profile at 0.6 cm
m the outside of the ingot. This profile was obtained
ng the experimental temperature measurements above 900 0C
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(Figure 22). Two interpolations were made: one between
1690 0 C and 1540 0C and the other between 900 0 C and 570 0 C.
The temperature measured in the bolt was assumed to be the
temperature at the bottom of the ingot. In Section VI.D.2,
this assumption is shown to be correct.
The temperature profile in Figure 24 shows that
steady state conditions for heat flow existed in the ingots
once their height was greater than 9 cm. This height
corresponds to 1.8 times the diameter of the ingots.
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The temperature at the top of the ingot is Tt'
The mathematical formulation of the model
marized in Table 6. For each medium, i, the heat
equation is expressed as:
eglected.
is sum-
conduction
d2T.
dZ
dT. h.
PC Vi -T - 2 R (T - TW) = 0
Boundary conditions 1, 2, 3 and 5 define the values
temperature at the boundaries. Boundary condition 4
correct when the ingot is assumed to be infinite. B
condition 6 shows that the heat flux into the solid
is the sum of the heat flux from the liquid and the
released upon solidification.
Assuming that the physical properties and the
transfer coefficients are constant, an analytical so
can be given for the temperature, T(Z), versus the d
from the top of the ingot. This solution is given i
Appendix IX. In particular, the temperature in the
ingot is expressed as:
T - TW
T in - T W exp
where
[1 PCs I PCs I 2 +8h 2
s kS s ks I
2. Heat transfer coefficient between ingot and
water
Heat is transferred from the surface of the ing
into the water in various ways. Conduction occurs thr
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heat
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Table 6
Approximation of the Moving
Heat conduction equation
d2T.
k dZ2
Boundary
P V dT
conditions:
Fin on the Entire Ingot
for medium,
h.
-2 1 (T5 - TW) = 0
(a) for medium 1
(b) for medium
(1) Z = -Z
(2) Z = 0
(3)
T T t
T = Tin
T= TinT2 in
dT2
gd =
= 0
(4) Z
(c) at interface between the two media
(5) T1 = T2 Tin
dT
(6) -k g |Z 0
dT2
= -ks lz=O
The solution to the heat conduction equation for the above
boundary conditions is given in Appendix
+ pVI L
IX.
I
solid crust of slag (heat transfer coefficient, hsliag)
Conduction and radiation take place through a gap due to the
shrinkage of the ingot and where this shrinkage has not
started, a contact resistance exists (heat transfer coeffi-
cient, h ). Heat is transferred by conduction through the
inner copper wall of the mold (heat transfer coefficient,
hmold) and finally by forced convection into the water flow-
ing in the annular space (heat transfer coefficient, hwater)'
The total heat transfer coefficient, hi, can be expressed as:
= [h + h1 + h 1 + h 1slag hgap mold water
(7)
h1 depends on the distance from the top of the ingot.
The thermal conductivity of the slag crust which is
required for the calculation of the coefficient, hslag, was
not found in the literature. This thermal conductivity may
range from 2.5x10~4 to 10-2 cal/cm/sec/ 0C according to values
given by McAdams(30) for similar materials. A value for this
thermal conductivity was obtained indirectly using the moving
fin approximation. This approximation was used on the solid
ingot for temperatures below 11800C as follows. The follow-
ing form of equation (5) was used with the actual water
temperature of 10 0C:
T (0 C)
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Computer Thermal Model for the Ingots
A thermal model for the entire ingot,including the
zone of finite dimensions,is described below. This
consists of the solution of the applicable steady
heat conduction equation for given boundary conditions.
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For a first calculation of the temperature
distribution, a value of 0.16 cal/cm/sec/OC was used for
the thermal conductivity in the liquid metal pool. This
value was calculated with the moving fin approximation
(Section VI.C.3). The predicted shape of the mushy zone
(Figure 29) was similar to the experimental shape. The
predicted position of this mushy zone was about 5 mm below
the experimental position (discrepancy of 20 percent).
A second calculation was made using a value of 0.11
cal/cm/sec/0 C for the thermal conductivity in the liquid
pool. Figure 29 shows that the position of the predicted
mushy zone at 0.6 cm from the outside of the ingot is in
good agreement with the experimental results. If the
sulfur print were to give the shape of an intermediate
isotherm between the liquidus and solidus isotherms the
calculated mushy zone would be about 2 mm too deep at the
center line (8 percent of the total depth). Figure 30
shows that the calculated temperature profile at 0.6 cm
from the outside of the ingot is within less than 200C
of the experimental profile above 9000 C (positive
departure). A maximum discrepancy of 400C is reached at
550 0C.
Appendix XI shows that the solution obtained for
the temperature distribution by the finite difference method
was insensitive to the number of grid points and to the
tolerance parameter.
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The temperature distribution calculated w
11 cal/cm/sec/0 C for the thermal conductivi
d pool, was considered to be in reasonable
the experimental results.
The calculated temperature profiles along
and at the surface of the ingot are plotted
The shape and position of several isotherms
ith a value
ty in the
agreement
the center
in Figure
are drawn
in Figure 32. These isotherms become flatter with
decreasing temperature. This result shows that nearly
flat profiles could be assumed in cross sections of the
ingot for the calculation of the average heat transfer
coefficient between solid ingot and water (Section VI.C.2).
The same result proves the validity of the extension of
the experimental temperature measurements in the bolt to
the bottom of the ingot (Section VI.B).
The calculated value of 0.11 cal/cm/sec/0 C for the
thermal conductivity in the liquid metal pool indicates
that convection occurred in this pool. The thermal
conductivity for stagnant liquid steel(32,33) would be in
the order of 0.025 to 0.05 cal/cm/sec/0 C. This convection
explains the rather uniform carbon content found in the
upper part of the ingot (Section VI.A.2).
Conclusion
An experimental study was performed in the ingot of
the laboratory ESR unit. A power of 15 kw was used with a
current of 750 amps and a positive electrode mode. A
of 0.
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casting velocity of 1.1 cm/min was obtained. The temperature
distribution in the entire ingot was constructed. This
temperature was found to become steady after the ingot
reached a height 1.8 times its diameter.
A first analytical thermal model was derived using
the approximation of the moving fin. This model, applied
to the solid ingot,permitted the evaluation of the thermal
conductivity of the slag crust around the ingot.
A second thermal model was derived. This model
consisted of the solution of the heat conduction equation
applicable to the ingot for the appropriate boundary
conditions. A computer treatment of this model was made
on the ingot of the experimental study. The effective
thermal conductivity in the liquid metal pool was evaluated
at 0.11 cal/cm/sec/ 0C. This value accounts for convection
in the liquid pool. A satisfactory agreement was found
between the predicted and the experimental results. This
agreement proved the validity of the proposed model.
II
VII. THE SLAG - LABORATORY UNIT
A heat transfer study was performed on the slag of
the laboratory ESR unit. Power input varied between 7.5
and 22.4 kw. Temperature measurements were taken as shown
in Figure 33. Bubbles were blown at the end of a graphite
tube immersed in the slag and the temperature was measured
with a pyrometer sighting down the tube. Other thermo-
couple measurements were made underneath the electrode and
in the annular space between the electrode and the mold.
A series of temperature measurements was obtained
for a power of 15 kw and for a positive electrode mode.
These results show that the bulk of the slag was at a
uniform and steady temperature after the ingots reached a
height of about 10 cm.
Sensitive voltage measurements were made by insertion
of a small graphite rod in the electrode steel. Only the
tip of the graphite rod was in contact with the electrode.
At a power of 15 kw,the voltage between the graphite rod
and the bottom of the ingot was found to fluctuate. The
voltage drop at the interface electrode-liquid slag was
observed to be higher for a positive electrode mode than
for a negative electrode mode.
The relationship between melting rate and power is
given for a positive electrode mode. A change of polarity
at 15 kw was found to lower the melting rate and to affect
the shape of the electrode tip.
II
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infrared
The heat generation and heat transfer mechanisms in
the slag are briefly discussed. Finally a heat balance
is made on the slag for a power of 15 kw and a positive
electrode mode.
A. Experimental Study
1. Pyrometric temperature measurements
The instrument for pyrometric temperature measurements
is shown in Figure 34. A 25 cm long graphite tube (0.D.
7 mm, I.D. 3.5 mm) was attached to an infrared radiation
pyrameter provided by Irtronics (model Pacemaker 1000
SP/REL Code W). The attachment was made through a water-
cooled brass clamp designed so that the alignment of the
tube with the pyrometer could be adjusted. A connection
for a gas line was provided. The pyrometer had two
temperature ranges: a low scale from 1400 0 C to 1750 0 C and
a high scale from 1700 0C to 2300 0C. The output of the
pyrometer was read from the amplifier (Figure 34) or
recorded on the Nulline recording potentiometer (Section IV).
The temperature was obtained using calibration curves.
Details of the calibration are given in Appendix XII.
The accuracy of the pyrometric temperature measurements
was estimated at +20 0C. The flow of argon used to form the
bubbles was 0.3 1/min.
Temperature measurements were made at powers of 7.5 kw,
15 kw and 22.4 kw after the ingots were about 10 cm high.
The recorded temperatures were found to fluctuate within
74
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2. Thermocouple measurements
The thermocouples used for the temperature measurements
in the electrode broke in the slags due to chemical attack
(Section V.A.2). The distances travelled by these thermo-
couples below the solid end of the electrode (temperature
of 1460 0 C) before failure and the maximum temperatures
recorded are listed in Table 8. In the same table,
figures are also referenced which indicate that, before
failure, the thermocouples recorded constant temperatures
over a short distance (at least 1 mm).
were taken as the temperatures of the
electrode. For a power of 15 kw, the
were found to vary between 1659 0C and
Other thermocouple measurements
annular space between the electrode an
33). The thermocouple was similar to
ingot temperature (Figure 14). The gr
end of the graphite tube was shorter (
sl
sl
17
we
d
th
ap
0.
These temperatures
ags below the
ag temperatures
06 0C.
re obtained in the
the mold (Figure
at used to measure
hite plug at the
3 cm instead of
2.5 cm) and the thickness of the graphite tube at the end
was about 0.1 cm over 1.5 cm. This thermocouple assembly
remained immersed in the slag to a depth greater than 1 cm
(more than 3 times the diameter of the inner alumina tube).
The graphite was slowly attacked by the slag. The maximum
temperature recorded before the thermocouple brokewas taken
+15 0C.
of the
of the
M - M M M - M11
Table 8
Temperature Measurements in
power, polarity
kw electrode
15 +
15 +
15 +
15 +
15 +
15 +
15 +
15 +
15 +
22.4 +
7.5 +
15
melting
speed,
cm/mi n
3.5
4.0
3.9
4.3
4.0
3.9
3 .9*
3.9*
3 .9*
6.3
2.2
3.4
hei ght
of
slag, cm
4.5
2.9
2.5
2.5
5.2
4.1
4.0
0.8
3.0
T, 0 C
pyrometer
+200C
the Slag
T, 0 C
annular
space
1667
1655
1708
1694
1697
1675
1680
2000
1625
T, 0 C
below
electrode
1676
1660
1706
1659
1640 to
17 60 (b)
1 658
Zt mm
(a)
4.0
4.1
2.0
1.7
figure
number
for T
below
electrode
8
12
7
0.2
estimated value
distance travelled by thermocouple below sol
in the slag
temperature fluctuations between 16400C and
second)
d end
760 0 C
of electrode before
(three fluctuations
*
(a)
(b)
failure
per
temperature of the slag for the particul
position. Spot measurements obtained wi
que are listed in Table 8.
3. Analysis of the temperature measureme
pyrometric temperature measurements
thermo-
this
nts
(Secti on
VII .A
space
were
at 15
measu
.1) indi
stayed
at least
Table 8
kw with
rements
C
a
u
space gave sim
The pyrometric
the temperatur
constant and u
at least two t
Table 8
conditions of
positive elect
between 1659 0 C
ate tha
t a val
10 cm.
shows t
a posit
ndernea
ilar re
and th
e in th
niform
imes th
shows v
operati
rode mo
and 17
t the temperature
ue almost constant
high.
hat, for the first
ive electrode mode
th the electrode a
sul ts
ermoco
e bulk
after the
eir diame
ar iations
on. At a
de, the s
060C. At
negative electrode mode,
This measurement underes
due to the rapid failure
the
tima
of
(dis
uple
crepancy
measure
in the
after
annular
the ingots
two experiments
the thermocouple
nd in the annular
of 9 0C and 50C).
ments prove that
of the slag remained
0
te
th
height of the ingots
ter.
of slag temperature
power of 15 kw with
lag temperatures vari
the same power with
nly measurement gave
s the true slag tempe
e thermocouple in the
nearly
reached
with the
58 0C.
ture
lag
(0.2 mm bel
a power of
For a
gave 1625 0C
ow solid end of the electrode, Figure 13). For
22.4 kw, the temperature was about 2000 0C.
power of 7.5 kw, the pyrometric measurement
(Table 8) and the thermocouple measurement below
as the
couple
techni
II
-1 Ow 00600 -- -
the electrode indicated temperature fluctuations between
16400C and 1760 0C (Figure 9). The frequency of the
fluctuation was about 3 per second. The slag was about
8 mm high. The pyrometric measurement was made in the
liqui
is as
bel ow
meta
umed
the e
4.
Th
a graphi
electrod
rod was
V
1
to
le
ol
pool due to the s
have caused the
ctrode (Section V
tage measurements
voltage
e rod (3
over a
ncased i
from the electrode
graphite rod
the electrod
tip, before
the graphite
Honeywell re
reduction th
During
voltage acro
resistances
(Section VII
drop
mm di
istan
an a
across
hallow slag
temperature
II .B.1 ).
in the slag
the
ameter) in
ce of 4.5
lumina tub
except at the
was in contact with
e at a
mel tin
rod a
cordi n
rough
ESR o
ss the
were n
.B.1 ).
i initial dist
, of about 30
d the base of
potentiomete
voltage divi
eration, the
slag, because
egl igi ble
slag was
serted in th
cm (Figure 3
e which insu
tip. The ti
the steel at
nce from the
cm. The vol
the mold was
(Section IV
er (1/1300,
ecorded volt
the electrod
compared
bath. Arcing
fluctuations
measured with
e steel
5). This
lated it
p of the
the axis of
electrode
tage between
read on the
) after
Figure 35).
age was the
e and ingot
to the slag resistance
After 30 cm of electrode melted,
the graphite sensor went i
voltage was instantaneousl
taken at the voltage drop
liquid slag.
nto the sl
y lowered.
across the
ag. The recorded
This voltage drop was
interface electrode-
I
oneywell
ecording
otenti o-
eter
alumina insulating tube
graphite rod
(3 mm diameter)
5 mm diameter hole
steel electrode
mold base
Figure 35: Measurement of the voltage drop across
the slag.
vol tage
divider
(1/1300)
30 cm
The results of voltage measurements are given in
Table 9 for two experiments
For a pc
cm/mi n,
20 + 0.6
and the
8.3 V.
was 3.4
within 2
second a
slag was
si t
the
V
vol
For
cm/
0 +
nd
v e
vol
with
tage
a n
mi n,
2.2
the
electrode mo
tage across
a frequency
drop at the
egative elec
the voltage
V with a fr
made at a
de, the mel
the slag fl
of 4 fluct
interface
trode mode,
across the
equency of
power of 15 kw.
ting speed was 3.9
uctuated within
uations per second
electrode-slag was
the melting speed
slag fluctuated
one fluctuation per
voltage drop at the interface electrode-
6.7 V. These results are analyzed in Section VII.B.
5. Melting o
Melting speed
input are shown in
15 kw and 22.4 kw.
and show that, for
speed was proportio
The relationship be
be expressed as:
f electrode in the slag
s of electrodes as functions of
Table 10. The power inputs are
These results are plotted in F
a positive electrode mode, melt
nal to power input within + 10
tween melting speed and power i
power
7.5 kw,
igure 36
ing
percent.
nput can
VE(cm/min, + 10 percent) = 0.26 x P (kw) (12)
Power input appears to be the main independent variable
which determined melting rate.
Typical shapes of electrode tips are given in Figure
37 for powers of 7.5 kw and 22.4 kw (positive electrode
mode) and for a power of 15 kw (two electrode modes). From
this figure, it may be seen that, for a positive electrode
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Table 10
Melting Speed of Electrode Function
of Melting Conditions
melting
conditions
power
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melting speed
cm/min
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melting speed
cm/min
medium power,
(+) electrode,
750 amps, 20V
high power,
(+) electrode,
800 amps, 28V
low power,(+) electrode,
580 amps, 13V
medium power,(-) electrode,
750 amps, 20V
3.7
4.1
3.8
3.7
3.9
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Figure 36: function
(a) 7.5 kw, positive electrode
mode, melting speed: 2.2 cm/min
(b) 22.4 kw, positive electrode
mode, melting speed: 5.4 cm/min
(c) 15 kw, positive electrode
melting speed: 3.9 cm/min
mode,
(d) 15 kw, negative electrode mode,
melting speed: 3.4 cm/min
Electrode diameter:
Figure 37: Electrode tips for various
1 in.
melting conditions.
mode, a decrease in power makes the electrode tip more flat.
At a power of 15 kw, there was a marked difference in shape
of the electrode tip between the positive and negative
electrode modes.
The difference in shape of the electrode tip for the
two polarities and the results obtained for the voltage
fluctuations (Table 9) indicate that liquid metal
droplets(4,5) may have formed at the tip of the electrode
in two different ways. It was assumed that each fluctuation
in the voltage (Table 9) corresponded to the detachment of
a liquid metal droplet. The weight of these droplets was
calculated and found to be 0.6 g for positive electrode mode
and 2.2 g for negative electrode mode.
The lower melting rates obtained with a negative
electrode mode than with positive electrode mode have also
been observed by several investigators(3,7,39). An explana-
tion of the effect of polarity is given in the next section.
B. Mechanism of Heat Generation and Heat Transfer
in the Slag
1. Mechanism of heat generation in the slag
The mechanism of heat generation in the ESR process
at high current densities (115 to 160 amps/cm2 in the
laboratory unit) is not very well understood. Previous
investigators(6,9) have attributed heat generation to
resistance heating or arcing. A detailed investigation on
this aspect would have required an extensive experimental
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At the cathodic interfaces (liquid metal pool-slag for
positive electrode mode or electrode-slag for negative
electrode mode), possible reactions would be
(Fe2 +) + 2e~ [Fe] (18)
(Ca 2+) + 2e~ Ca(g) (19)
(Mn2+) + 2e + [Mn] (20)
[0] + 2e~ (0 2-) (21)
[S] + 2e + (S 2-) (22)
These electrochemical reactions originate surface over-
potentials. These overpotentials result from a reversible
potential, a reaction overvoltage, a concentration over-
voltage and a charge transfer overvoltage at the metal-
slag interfaces. From the high voltage drops measured at
the interface electrode-slag (Table 9) any combination of
electrochemical reactions (reactions 13 to 22) appears
possible. These electrochemical reactions may account for
the voltage drops measured at the electrode-slag interface
(Table 9) or at least for part of it.
In the case of reaction 19, metallic calcium may
enter in solution. The activity of metallic calcium may
increase and electronic conduction may interfere with ionic
conduction. In a work on galvanic cells, Wagner showed
that electronic conduction in CaF 2 equilibrated with Th +
ThF 4, was insignificant (activity of calcium below 10-5 )
but that electronic conduction in CaF 2 would interfere in
cells involving metallic Ca with an activity of Ca of 1.
An increased electronic conduction in the ESR slag would
reduce the importance of electrochemical reactions.
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Gas evolution may also occur at the slag-metal
interfaces. Due to reactions 17 and 19, fluorine and
calcium gas may be evolved at the interfaces. Oxygen
can also be evolved. These gases may form a gas film at
the interfaces. Thus the large potential drops measured
at the interface electrode-slag may also be caused by
resistance through a gas film.
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were observed between 1640 0 C and 17600C (Section VII.A.3).
The slag bath also was very shallow. These results may
show the possibility of arcing in such an experiment.
The occurrence of electrochemical reactions and gas
evolution at the slag-metal interfaces and the possibility
of arcing at the electrode tip show that heat is not
generated uniformly in the slag. In particular, intense
heat generation would occur at the electrode tip. In
the experiments made at a power of 15 kw (Table 9),
assuming that the voltage drops were constant at the
electrode-slag interface and that heat was generated by
Joule effect only, the heat generation was proportional
to the voltage drops. About 41 percent of the total heat
was generated at the electrode tip for the positive
electrode mode and 33 percent for the negative electrode
mode.
The slag in the ESR process is the main heat source
because the slag constitutes the main resistance. The
resistance of the steel electrode and of the ingot was
approximately 10~4 0 due to the low resistivity of steel
(Appendix I). Using a voltage of 20 V across the slag
and assuming a constant current of 750 amps, the slag
resistance is found to be approximately 0.0260. The heat
generated in the steel is negligible compared to the heat
generated in the slag.
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factors approaching 200(3).
A detailed investigation on the detachment of the
liquid metal droplets from the electrode tip has not been
undertaken. In spite of the numerous parameters involved
in the determination of the melting rate, the melting
rate was found to be proportional to the power input
(within + 10 percent, Section VII.A.5). It is possible
that lower interfacial tensions at the electrode tip may
explain the smaller and more frequent droplets found at
positive than at negative electrode (Section VII.A.5).
3. Temperature distribution in the slag
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C. Heat Balance on the Slag
An approximate heat
experiments at a power of
balance is made on the slag for
15 kw with a casting speed of
1.1 cm/min and a positive electrode mode (Section VII.A).
The metal is assumed to enter and leave the slag at
the temperature of the slag (1700 0C). The heat absorbed
or dissipated by possible reactions in the slag is ignored.
The heat generated in the slag is assumed to be dissipated
by Joule effect and to correspond to the electrical power
input, P. As indicated in Figure 38, P is taken as the
sum of the heat loss by conduction into the incoming
liquid metal, Qm, into the ingot, Q1 , and into the water,
Qw, and by radiation with the surroundings, QR' in
the annular space between the electrode and the mold.
The total heat generated, P, is equal to 3,600
cal/sec. The electrode having almost adiabatic heat flow
conditions on the cylindrical surface above the slag level
(Section V.B.2), the heat loss, Qm, is the enthalpy varia-
tion of the metal from room temperature to the temperature
of the slag. This heat loss, Qm, is expressed as:
QM (cal/sec) = PSE VE x (HTsl- HTo) (23)
Using tabulated enthalpies for iron(29), Qm is found to
have a value of about 1,000 cal/sec.
The heat flow by conduction into the ingot, Q1, is
calculated using the results obtained with the computer
M I
Positive electro
Casting speed:
Temperature of s
Metal is assumed
leave the slag
(34.8%)
de mode
1.1 cm/min
lag: 1700 0 C
to enter and
at 1700 0C
= Qm + Q + QR + QW
Figure 38: Heat balance on slag for a power of 15 kw and
a positive electrode mode.
thermal model of the ingot (Appendix XI). The value of Q
is found to be 1,180 cal/sec.
The heat loss by radiation, QR, is approximated
with:
QR(cal/sec) = T(R -R2 )Ea(T -T ) (24)
The emissivity of the slag is assumed to be 0.7 and the
temperature at the surface of the slag and of the surround-
ings are taken as 18500K and 300 0 K, respectively. QR is
found to be equal to 165 cal/sec.
The heat loss into the water, QW, is obtained by
difference using the heat balance (Figure 38). QW is equal
to 1,255 cal/sec.
The results are summarized in Table 11 and in Figure
38. 34.8 percent of the total heat input is lost by water-
cooling around the slag. A small amount (4.6 percent) is
lost by radiation to the surroundings at the surface of the
slag. 32.8 percent is lost by conduction into the ingot.
The remaining 27.8 percent is entirely used to heat
up the metal to the temperature of the slag. This last
amount is brought into the ingot as enthalpy where it is
lost by water-cooling.
In view of the approximation made in this heat
balance, it is concluded that most of the heat dissipated
in the slag appears to be lost almost equally by conduction
into the water around the slag, the ingot, and the electrode.
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Table 11
Heat Balance on the Slag for a Power of
and Positive Electrode Mode
heat flux
cal /sec
3,600
1,000
1 ,180
165
1 ,255
percentage
of heat input
100
27.8
32.8
4.6
34.8
(a) calculated from
(Appendix XI)
ingot computer thermal
(b) obtained by difference with heat balance (Figure 38)
Casting speed 1.1 cm/min.
15 kw
QI(a)
Q )
QW (b)
model
'I
Conclusion
For a power of 15 kw, the temperature in the bulk o
the slag appears to be steady and uniform after the ingo
were about 10 cm high. Temperature drops would occur in
boundary layers at interfaces between the slag and the
surrounding media.
For positive electrode mode, the power appears to
the main independent variable controlling the melting
velocity of the electrode in the slag. The relationship
between melting velocity and power was found to be:
VE(cm/min), + 10%) = 0.26x P (kw)
f
ts
be
(12)
At a power of 15 kw, a change of polarity from
positive to negative electrode mode was found to lower th
melting velocity (3.9 to 3.4 cm/min) and to decrease the
voltage drop at the interface electrode-slag (8.3V to 6.7
With this change of polarity, the voltage fluctuations
across the slag become larger and less frequent, due to a
apparent change in the size of the metal liquid droplets
(0.6 g for positive electrode mode and 2.2 g for negative
electrode mode).
The heat in the ESR process is generated in the
slag. Because of the non-uniform resistance of the slag,
heat is generated non-uniformly. In particular, intense
heat may be generated at the electrode-slag interface due
to the high voltage drops observed (at a power of 15 kw,
8.3 V at positive electrode mode and 6.7 V at negative
e
V
n
'I
).
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electrode mode for a total of 20 V across the slag).
An approximate heat balance on the slag for a power
of 15 kw, a casting rate of 1.1 cm/min and a positive
electrode mode, showed that little heat is lost by radia-
tion (about 5 percent of total heat input) and that heat
is lost almost equally by conduction into the electrode
to heat up the remelting material, into the ingot and the
water-cooling around the slag.
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VIII. APPLICATION OF THE RESULTS
Details of temperature measurements were not
available for industrial ESR units. Thus an investiga-
tion has been made of possible applications of the results
obtained on the laboratory ESR unit to systems on an
industrial scale.
Heat transfer in the electrode, the ingot and the
slag are investigated separately. Various industrial
units are considered, but emphasis is placed on units
producing 50 cm diameter steel ingots with an electrode-
ingot diameter ratio of 0.75. This size appears to be
representative of industrial practice.
A. Electrode
After a brief summary of the results obtained
on the electrode of the laboratory ESR unit (Section V),
available data on industrial ESR practice are given. The
heat generation inside the electrode is shown to have a
negligible effect on the temperature in the electrode.
An investigation is made on the heat exchange between
the electrode and the surroundings above the slag level.
Using the heat flow models derived and validated on the
laboratory ESR electrode, the temperature distribution
is analyzed for industrial electrodes. First the
electrode is assumed to melt with a flat tip and the
immersion depth is neglected. Then the effect of this
immersion depth is investigated and it is shown, that for
high enough immersion depth, the electrode tip cannot
possible be flat. Finally the temperature distribution is
given for electrodes with parabolic tips.
1. Summary of the results obtained on the
electrode of the laboratory ESR unit
In the electrode of the laboratory ESR unit, current
densities of 115 to 160 amps/cm2 were used. The Joule
effect was found to gradually increase the temperature in
the upper part of the electrode. Possible maximum steady
state temperatures of 950C were calculated (Table 2).
The electrode was found to have nearly adiabatic heat flow
conditions for the portion above the slag level. The heat
flow in the electrode was one-dimensional and axial or two-
dimensional depending on the immersion depth. The two-
dimensional heat flow conditions were caused by radial heat
flow from the slag into the immersed cylindrical surface of
the electrode.
2. Available data on ESR practice
In industrial ESR practice, the most common electrode-
ingot diameter ratios appear to be between 0.6 and 0.8(39,42).
Such high electrode-ingot diameter ratiosare selected mainly
to avoid too high a heat loss by radiation from the slag
surface in the annular space between the electrode and the
mold.
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The casting speed depends on the ingot size and is
selected to obtain a shallow metal pool, i.e., depth of
the metal pool less than or equal to the ingot radius(10).
With these casting speeds, the solidification pattern in
the ingot is more marked in axial direction than in a
radial one. Calculated correct casting speeds are given
in Figure 45 for various steel ingot radii. This figure
is obtained from the computer study in the section on the
industrial ESR ingots (Section VIII.B).
3. Heat generation in industrial ESR electrodes
In industrial ESR electrodes, the current density
appears to be approximately proportional to 1/RE'(3942).
Thus, the importance of the Joule effect as a heat source
decreases with increasing electrode diameter. For
example,in a 37.5 cm diameter steel electrode melting in a
50 cm diameter ingot, a current of about 12,000 amps would
be used(42). The temperature increase above room tempera-
ture may be calculated with equation (IV.4) (Appendix IV).
Using an approximate heat transfer coefficient between
electrode and surroundings of 4.5 x 10~4 cal/cm 2/sec/ C
(lowest value given in Table 2), the temperature increase
is found to be approximately 180C. The differemce between
the center line and the surface temperature would be
about 0.5 0C.
In the rest of this study, Joule effect in the
electrode is neglected.
- OM*MR-_ aoaw - -
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4. Heat flow conditions in ESR electrodes
In ESR
slag into the
exchange also
between the el
and by conduct
determi nati on
the electrode
level depends
most important
the slag, the
sion depth of
fer coefficien
electrodes, heat conduction occurs from the
immersed portion of the electrode. Heat
occurs above the slag level by radiation
ectrode and the slag surface essentially
ion with the gas around the electrode. The
of the relative amount of heat going into
in the immersed portion and above the slag
on many factors. Among these factors, the
are the emissivities of the electrode and
electrode-ingot diameter ratio, the immer-
the electrode in the slag, the heat trans-
t between electrode and slag in the immersed
portion, the physical properties of the electrode, the
melting speed, and convection of the gas around the
electrode.
On the laboratory ESR unit, calculations showed
that a maximum of 5 percent of the total amount of heat
required to heat up the electrode from 50 0C to 1460 0C was
due to heat coming by radiation from the surface of the
slag (Table 3). The electrode was considered to have
almost adiabatic heat flow conditions on the surface.
For industrial ESR electrodes, the lack of data
does not permit a general conclusion. A specific
example was treated on what might be a typical ESR steel
electrode. The electrode was 37.5 cm in diameter, melted
at a speed of 0.9 cm/min and formed a 50 cm diameter
II
102
ingot (casting speed of 0.5 cm/min). The properties of
the electrode and the slag were assumed to be the same as
for the laboratory unit (emissivities of electrode and
slag, 0.25 and 0.7, respectively). The immersion depth
of the electrode was assumed to be 5 cm. The calculated
heat exchange t
electrode above
similar way to
Heat was found
level. This he
necessary to ma
620 cal/sec com
The same
steel electrode
speed of 0.25 c
temperature gra
effect of radia
rate. The main
hrough the cylindrical surface of the
the slag level was approximated in a
that for the laboratory unit (Appendix V).
to flow into the electrode above the slag
at was about 2 percent of the total heat
intain 1460 0C at the electrode tip (about
pared to about 30,000 cal/sec).
result holds approximately for the same
melting at a speed of 0.45 cm/min (casting
m/min). This is due to the less steep axial
dient in the electrode, which reduces the
tion from the slag and to the lower melting
heat into the electrode has then to
supplied into the immersed portion of the electrode by
conduction from the slag.
The possibility of adiabatic heat flow conditions
can also be shown in a qualitative way. For a given
material and at a given melting rate, when the electrode-
ingot diameter ratio approaches one, the melting speed of
the electrode becomes minimum, the temperature gradients
at the electrode tip given by one-dimensional heat flow
(Section V.C.1, equation 1) would be minimum and heat loss
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would occur on the side of the electrode. On the contrary,
for decreasing electrode-ingot diameter ratios, the
melting speed of the electrode increases, the vertical
temperature gradient at the tip of the electrode increases
and heat radiation into the electrode from the slag
increases.
In industrial practice on steel, where high electrode-
ingot diameter ratios are used (Section VIII.A.2), almost
adiabatic conditions may exist at the surface of the
electrode as on the laboratory unit. This appears to be
the case on the 37.5 cm diameter steel electrode with an
emissivity of 0.25, melting into 50 cm diameter mold,
considered in this section. Under such conditions, heat
into the electrode is entirely used to heat up the
electrode.
5. Temperature distribution in the electrode
In a first hypothetical case, the electrode is
assumed to melt with a flat tip, without immersion in the
slag and with adiabatic heat flow conditions on the side.
Heat flow is one-dimensional and the temperature profile
in the electrode may be calculated with equation (1),
rewritten below:
T - TE pCsVE
T - TE k exp( Z) (Z < 0) (26)
me E s
This temperature profile is independent of the size of
the electrode.
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For steel electrodes (data of Appendix I), dimension-
less temperature is calculated versus distance from electrode
tip using equation (26). The results are plotted in Figure
39, for a casting speed of 0.5 cm/min and electrode-ingot
diameter ratios of 0.25, 0.5 and 0.75. Decreasing the
electrode-ingot diameter ratio increases the melting speed
and increases the temperature gradient at the tip of the
electrode.
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6. Conclusion
An investigation was made on industrial ESR
electrodes using the results obtained on the electrode
of the laboratory ESR unit. Emphasis was placed on a
typical 37.5 cm diameter steel electrode melting into
cm diameter mold at speeds of 0.45 and 0.9 cm/min.
Joule effect has a negligible effect on the
temperature distribution in large ESR electrodes. The
for
50
111
R = 18.75 cm
cm
15-
200 0 C
slag
level
10 -
4 00 C
600 0 C
800 C
10000 C
1200 0C --
0 Melting speed: 0.9 cm/min
0 1460 C Casting speed: 0.5 cm/min
Ingot radius: 25 cm
Electrode-ingot diameter
ratio: 0.75
Slag temperature: 16500C
Figure 43: Temperature distribution in an industrial ESR
steel electrode.
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above steel electrode was found to have almost adiabatic
heat flow conditions on its cylindrical surface. Heat
transfer into the electrode occurs by conduction of heat
from the slag into the immersed portion of the electrode.
This heat flow into the electrode is entirely used to heat
up the electrode.
Temperature profiles were first calculated with the
one-dimensional heat flow model (equation 26), assuming
no radial heat flow. The effect of immersion depth was
studied with a two-dimensional thermal model (Section
V.C.2). On the electrode melting at 0.9 cm/min, and for
a flat tip, immersion depths below 10 cm affect the center
line temperature by less than 100 0 C. For immersion depths
above 10 cm, the electrode tip cannot be flat. Parabolic
shape was assumed over 10 cm and an immersion depth of
12 cm was taken. The discrepancy between the temperature
profiles along the center line calculated with and without
radial heat flow, was less than 320 0C for the two melting
speeds of 0.9 and 0.45 cm/min.
In industrial ESR electrodes ,the temperature
distribution is essentially determined by axial heat flow.
A temperature profile can easily be calculated with the
one-dimensional thermal model (equation 26). Radial heat
flow may also occur mainly in the immersed portion of the
electrode. This causes a positive departure in the
temperature distribution from that calculated with one-
dimensional heat flow.
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B. Ingot
After a brief summary of the results obtained on
the ingot of the laboratory ESR unit, the applicability
of the model using the approximation of the moving fin to
the industrial situation is discussed. The computer
thermal model is applied to the steel ingots and the
influence of various parameters on the temperature distri-
bution in the ingot is studied. These parameters are ingot
radius, casting speed, temperature at the top of the
ingot, heat transfer coefficient between the ingot and
the water, convection in the liquid metal pool, and heat
released upon solidification. The entire temperature
distribution is given for typical 50 cm diameter steel
ingots cast at speeds of 0.5 and 0.25 cm/min. The case of
steady state heat transfer is investigated.
Other heat transfer studies on ingots produced by
ESR, continuous casting machine or vacuum arc remelting
process are discussed.
To present the results, the possibility of using
dimensionless numbers was investigated. As indicated in
Appendix XIII, the dimensionless numbers for an ingot of
pure metal are as follows: a dimensionless temperature,
the dimensionless coordinates, the dimensionless tempera-
ture at the top of the ingot, the dimensionless effective
thermal conductivity in the liquid pool, k1/ks, the
dimensionless casting speed, pCs IRI/ks, and the Biot
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number, hIRI/ks. The Biot number varies with the vertical
coordinate at the surface of the ingot, so that the
similarity between ingots can only be approximate. Because
of the variation of the Biot number with vertical coordinate
and to permit a more clear presentation, most of the results
are given in absolute dimensions.
1. Summary of the results on the laboratory ESR unit
In the laboratory ESR unit, the moving fin approxi-
mation for heat transfer (Section VI.C) was applicable to
the "solid ingot" and gave approximate results on the
entire ingot. The computer thermal model (Section VI.D)
was successfully applied to the entire ingot. For a
casting speed of 1.1 cm/min, steady state heat transfer
existed in the ingot once its height was greater than 1.8
times the diameter.
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a 50 cm diameter ingot, an average value of 0.001
cal/cm 2/sec/oC was used for the heat transfer coefficient
in the lower part of the ingot.
The temperature at the top of the ingot was taken
as 1600 0C unless otherwise specified. Joule effect was
neglected. In the laboratory unit, by neglecting Joule
effect, the temperature was lowered by a maximum of about
50C. In large ingots, the current densities are lower
than in the laboratory unit (Section VIII.A.3) and the
effect of neglected Joule effect on temperature would be
even less.
The computer treatment of the thermal model was
similar to the treatment for the small inqot (Appendix XI
a. Ingot radius and casting speed
The computer thermal model was applie
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b. Temperature at the top of the ingot
The effect of a change of temperature at the top
of the ingot from 1600 0 C to 1800 0C on the 1380 0C isotherm
is shown on Figure 46. This 200 0 C temperature increase
causes the 1380 0C isotherm to move down with a change in
shape. At the surface, the depth of the isotherm changes
from 0.75 cm to 1.5 cm and at the center line from 14 cm
to 20 cm.
The temperature at the top of the ingot affects
the shape of the metal pool. However this temperature
appears to be difficult to control during ESR operation
and the possible range of temperature may be rather narrow.
Thus this temperature is not a significant operating
parameter for the control of the solidification pattern
as is the casting speed.
c. Heat transfer coefficient between ingot and
water
In the ingots considered previously, the heat
transfer coefficients between ingot and water where no
shrinkage occurred was 0.01 cal/cm 2/sec/ 0C, value found
on the laboratory ingot (Appendix X). This value has been
changed in two computer runs to 0.02 and 0.005 cal/cm 2/sec/0 C
by modification of the heat transfer coefficients through
the slag crust and into the water. The resulting effect
on the 1380 0C isotherm is shown in Figure 47.
For a heat transfer coefficient of 0.01 cal/cm 2/sec/ 0C,
solidification starts at the surface, 0.75 cm from the top
and on the center line, 14 cm below the top. For a heat
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transfer coefficient of 0.005 cal/cm 2/sec/ C, the 13800 C
isotherm moves down. The ingot solidifies at the surface
about 2 cm from the top and at the center line at 18.5 cm.
For a heat transfer coefficient of 0.02 cal/cm, the 13800 C
isotherm moves up. The ingot solidifies at the surface
practically at the top of the ingot and at about 12 cm
from the top on the center line.
Doubling the heat transfer coefficient between ingot
and water affects the metal pool less than reducing the
same heat transfer coefficient by a factor of 2. This
result indicates that there may be a limiting value of
the heat transfer coefficient between ingot and water above
which the metal pool remains practically unchanged.
d. Effect of convection in the liquid metal pool
Convection in the liquid metal pool causes the
thermal conductivity in the metal pool to become higher
than for a stagnant liquid. The effect of an increasing
effective thermal conductivity was first studied for a small
iron ingot using the moving fin approximation. The ingot
had a diameter of 5 cm and the conditions were similar to
those given in Section VI.C.3. The casting speed was
1 cm/min, the temperature of solidification was 15360C,
and the temperature at the top was kept at 1600 0C. The
thermal conductivity in the liquid pool was varied between
0.1 and 10 cal/cm/sec/ 0C. The distance between the liquid-
solid interface and the top of the ingot (given by equation
IX.13 in Appendix IX) and the total heat coming into the
- - -- -- 44W&Wn "- --
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ingot were calculated. These results are given in
Figure 48. This figure shows that for a constant
temperature at the top of the ingot, increasing the
thermal conductivity in the liquid pool markedly
displaces the liquid-solid interface downward and signi-
ficantly increases the heat input into the ingot. For
exampleja change in thermal conductivity of the liquid
metal from 0.1 to 1.0 cal/cm/sec/0 C, causes the solidifi-
cation front to move from 0.3 cm to 2 cm from the top of
the ingot and changes the heat into the ingot from 32 to
55 cal/cm 2/sec.
The same effect of an increased thermal conductivity
is shown in Figure 49, for a 50 cm diameter ingot cast at
a speed of 0.25 cm/min. Maintaining a temperature of
1600 0C at the top of the ingot and varying the thermal
conductivity from 0.11 to 1.1 cal/cm/sec/0 C causes the
metal pool to move down and to increase in depth. For
such conditions, the total heat into the ingot is also
increased by about 50 percent.
When the temperature at the top of the ingot is
maintained constant, the main effect of increasing convec-
tion is to introduce more heat into the ingot. The
increased heat flux displaces the metal pool downward.
An alternative method to determine the effect of
convection in the liquid metal pool is based on the
assumption of constant heat input into the ingot.
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According to the previous discussion, the temperature
the top of the ingot would then decrease with increasi
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e. Importance of the heat released upon
solidification
The importance of the heat released upon solidifi-
cation is shown in Figure 50 for the 50 cm diameter steel
ingot cast at a speed of 0.25 cm/min. When the heat
released upon solidification is neglected, the 1380 0C
isotherm moves up at the center line (18 percent higher
than when heat released upon solidification is taken into
account). In this example, the heat released upon
solidification represents about 20 percent of the heat
coming by conduction from the slag into the ingot.
The heat released upon solidification is important
in determining the shape of the metal pool.
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Figure 50: Effect of the heat released upon solidification
on the 1380 0 C isotherm.
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4. Temperature distribution in ESR ingots
Temperature distributions are given in Figures 51
and 52 for two typical 50 cm diameter steel ingots cast
at speeds of 0.25 and 0.5 cm/min. The physical charac-
teristics are the same as in the previous section. In
particular the temperature at the top of the ingot is
1600 0C, the heat transfer coefficient between the ingot
and the water is 0.01 cal/cm 2/sec/0C where no shrinkage
occurs. Due to this high heat transfer coefficient,
efficient cooling occurs at the surface where there is
no shrinkage. At the center line, the ingot cools
gradually due to the low thermal conductivity of steel.
This causes a distortion of the isotherms at temperatures
near the solidus temperature. This distortion of the
isotherm is much more pronounced at the casting speed of
0.5 cm/min than at 0.25 cm/min. This is due to the
higher melting velocity and to the shrinkage which occurs
at a greater distance from the top of the ingot.
With increasing casting speed, the depth of the
isotherms at elevated temperatures increases (Figures 51
and 52), causing the importance of radial heat flow to
increase compared to axial heat flow.
At low temperatures, the isotherms would become
more flat. For the ingot cast at 0.25 cm/min (Figure 51)
this would occur at temperatures below 6000 C.
5. Steady state heat flow conditions in ESR ingots
All the results in the present study are only valid
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for steady state heat flow conditions. In the laboratory
ingots cast at a speed of 1.1 cm/min, the temperature was
found to be steady above 570 0C after the height of the
ingot reached about 1.8 times its diameter (Figure 24).
For industrial ESR ingots, steady state heat flow
conditions were studied for the two 50 cm diameter steel
ingots of the previous section. The temperature was
calculated for the ingot cast at a speed of 0.25 cm/min
with three different ingot lengths: 75 cm, 100 cm, and
150 cm. Insulation was imposed at the bottom of the ingot
and quasi-steady state heat flow conditions were assumed.
The calculated center line temperature, plotted in Figure
53, shows that, once the height of the ingot reaches about
75 cm, temperatures above 1100 0C are no longer affected.
When the height reaches 100 cm, temperatures above 6000C
become steady. Hence the shape of the metal pool becomes
steady before the ingot is about 1.5 diameter high.
A similar calculation on the 50 cm diameter steel
ingot cast at a speed of 0.5 cm/min showed that temperatures
above 900 0C were no longer affected once the height of the
ingot reached about 75 cm. This result indicates that
the shape of the metal pool becomes steady for a shorter
ingot length at a casting speed of 0.5 cm/min than at
0.25 cm/min. This is due to the effect of the higher
radial heat flow at 0.5 cm/min than at 0.25 cm/min, as
discussed in the previous section.
calculated temperature
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The minimum ingot length for the shape of the metal
pool to become steady, can also be obtained qualitatively by
considering the shape of the steady state heat flow
isotherms. This is because heat flows perpendicularly to
the isotherms. For the two 50 cm diameter ingots
considered in this section, Figures 51 and 52 indicate
qualitatively that the heat from the metal pool is indeed
mainly extracted through the surface of the ingot over a
height of about 1.5 diameter.
6. Discussion of the work of previous investigators
In this section previous heat transfer studies are
discussed for ingots produced by the ESR process, the
continuous casting machine and the vacuum arc remelting
process. Some of the results are used to extend the
results of this present investigation.
On ESR ingots, the only detailed study is that of
Sun and Pridgeon(12). The temperature and the shape of
the metal pool were determined experimentally for 5.5
in.diameter Hastelloy X ingots. These results served
to validate a computer program which uses a finite
difference technique. Unlike EPS, this program requires
a rectangular grid and the heat released in the mushy zone
was approximated with an increased specific heat. This
last approximation could not permit an accurate
determination of the pool shape for pure metal castings.
Sun and Pridgeon showed that an increased melting rate
increased the effective thermal conductivity in the metal
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where L'
T - T
=L + Cs y m 2su
Tsu is an average temperature at the surface of the ingot.
Equation (30) shows that the dimensionless depth of the
metal pool is approximately proportional to the casting
speed and to the ingot radius. On ESR ingots, the dimen-
sionless depth of the metal pool was found to be proportional
to the casting speed and to vary linearly with the radius
(equation 28).
The above models neglect axial heat flow and are
not really applicable to the ESR ingots in which rather
shallow metal pools tend to be formed (Section VIII.A.2).
Under such conditions, axial heat flow cannot be neglected.
Recently Kroeger(22) made an extensive computer
study on two-dimensional heat flow conditions in continuous
casting machine. The material properties of pure copper
were used and the computer program approximated the heat
released upon solidification with an increased specific heat.
(31)
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The results were given in terms of dimensionless numbers.
The dimensionless depth of the metal pool was found to be
essentially proportional to the casting speed at all Biot
numbers. This shows that the similar result obtained on
the ESR process for one heat transfer coefficient (Section
VIII.B.3.a) may be expected to hold for any heat transfer
coefficient. The effect of ingot size on the shape of the
metal pool was not studied. Kroeger also found that the
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main approximations were made: a constant heat transfer
coefficient between ingot and water was assumed, and the
heat of fusion was approximated using an artificially
increased temperature at the top of the ingot. This
program could give valuable information on the unsteady
state temperature but could not be used for an accurate
determination of the shape of the metal pool.
7. Conclusion
The application to industrial scale of two thermal
models derived for the ingot of the laboratory ESR unit has
been investigated. The model using the moving fin approxi-
mation (Section VI.C) does not have a wide range of
applicability. This model is limited to pure metals
solidifying with almost flat liquid-solid interfaces. The
Biot numbers have to be low (less than about 1/6).
The computer thermal model (Section VI.D) was used
to investigate heat flow conditions in industrial ESR steel
ingots.
The following results were obtained:
1. The dimensionless depth of the metal pool was
found to be proportional to the casting speed and to vary
linearly with ingot radius (equation 28). Casting speed
is the main operating parameter controlling the shape of
the metal pool.
2. The temperature at the top of the ingot, which
is difficult to control, is found to have a limited effect
on the metal pool.
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3. The importance of the heat transfer coefficient
on solidification front decreases with increasing values
of the coefficient and an asymptotic shape of metal pool
may be reached.
4. Increasing effective thermal conductivity in the
liquid metal pool displaces the solidification front down-
ward at constant temperature at the top of the ingot,
but has a negligible effect on the solidification front
for constant heat input into the ingot.
5. The heat released upon solidification is
important to the determination of the shape of the metal
pool
These results are in agreement with those obt
by Kroeger(22) on the continuous casting machine exc
for the effect of ingot radius which Kroeger did not
apparently consider. This agreement appears to indi
that the results of the present study are not restri
to the particular examples which were selected.
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the metal pool, Z /Ri, may be expected to be related
ingot radius and casting speed in the following way:
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At fixed heat transfer properties through the slag crust
around the ingot and into the water, and at fixed tempera-
ture at the top of the ingot, Z /RI is proportional to
casting speed. The coefficients a and b of equation (32)
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could be determined with a minimum of two experiments with
different ingot radii and the linear dependence of Z /RI
with ingot radius would be found. Since the heat transfer
properties and the temperature at the top of the ingot are
difficult to control, departure from equation (32) may be
noticed but at least estimates of the dimensionless depths
of the metal pool may be obtained.
C. Slag
This section will be
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in the slag for industrial E
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in the slag was
found to be almost uniform except at boundary layers
between the slag and the surrounding media.
In an industrial ESR unit, heat is also generated
mainly in the slag. According to Salt(41), the resistivity
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of calcium fluoride based slag varies between 0.5 and 0.2
Q cm for temperatures between 1400 0C and 2000 0C. The
resistivity of steel varies from about 10-5 to 1.2 x 10-4
Q cm for temperatures between 00C and 1500 0C. Thus the
slag constitutes the main electrical resistance in the
system electrode-slag-ingot.
Because of the complex phenomena which occur in the
slag (Section VII.B.1), heat is generated non-uniformly in
the slag. Intense heat generation may occur near the
electrode tip where current density is highest. The
voltage drop at the interface electrode-slag has never been
measured in industrial units. The voltage drop measure-
ments on two experiments in the laboratory unit are not
sufficient to permit an extension of the results from the
small unit to large units. Thus the relative amount of
heat generated at the electrode tip remains unknown.
Heat is extracted from the slag at the electrode
tip, top of ingot, water-cooled mold and slag surface at
the annular space between electrode and mold.
Due to the non-uniform heat generation and
extraction, the degree of uniformity of the temperature
distribution in the slag depends mainly on the thermal
conductivity of the slag. For increasing thermal conduc-
tivity of the slag, the temperature would be increasingly
more uniform.
I]
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One of the main factors which increases thermal
conductivity in the slag is mixing. Recently a study of
this mixing was made by Campbell(4) on an ESR laboratory
unit using transparent crucibles (maximum diameter of the
crucibles: 7.6 cm). Low melting point metals such as
Pb, Zn, Al and Cu were selected. The slag was the LiCl-
KCl eutectic. In all the experiments, the slag had a
torroidal movement downward away from the electrode tip
and upward at the mold wall. Considering essentially the
electromagnetic effect of the current on the slag,
Campbell showed that the motion should increase with
increased current and with decreased viscosity and electrode
size. The effect of the electrode size was shown in an
experiment where electrode diameter was slightly less than
crucible diameter. In such a case the velocity of the slag
became imperceptible.
In the same experiments, the bulk of the slag had a
reasonably uniform temperature. Two cool boundary layers
were found at the electrode tip and at the top of the ingot.
There was no cool boundary layer at the pyrex or silica
crucible wall because of the absence of water-cooling.
The cool boundary layer at the electrode tip was attributed
to the heat extraction by the electrode which compensated
the intense heat generation. In similar experiments made
with a non-consumable electrode, the slag was found to
become extremely hot near the electrode tip because of the
absence of a significant heat sink.
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In view of Campbell's results, the nearly uniform
temperature found in the small ESR unit (Section VII) may
be attributed to the low viscosity of the slag (about 3
centipoises at 1700 0C(41)) and to the relatively small
size of the electrode compared to the size of the ingot
(ratio of about 1/4 for the cross sections).
Non-uniform temperatures may be observed in the
slag for specific conditions such as a slag of high
viscosity (either because of its structure or a tempera-
ture effect) or alternatively for a large electrode in a
mold.
Conclusion
Heat generation in the ESR process is essentially
in the slag. The heat is generated in the slag non-
uniformly. The degree of uniformity of the temperature in
the slag depends on convective and electromagnetic stirring.
From this problem outlined in this section and in the
section on the slag of the laboratory unit (Section VII),
much more detailed experimental work is required for a more
definitive conclusion about the role of the slag in the ESR
process.
The experimental work could be broadly divided into
two categories. In one, the chemical and electrochemical
reactions could be studied. The interfacial voltage drop
especially at the electrode tip could be measured for
various current densities and slag compositions. This
would give a better understanding of the phenomena occurring
at the electrode tip and of the heat generation. Another
||
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investigation, could be made on parameters which may affect
convective and electromagnetic stirring (current density,
slag viscosity, immersion depth of electrode, system
geometry). The influence of these parameters on the effec-
tive thermal conductivity of the slag could also be studied.
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IX. SUMMARY AND CONCLUSIONS
An experimental heat transfer investigation has
been made on the electrode, ingot and slag of a laboratory
steel ESR unit using direct current and various operating
conditions. The various modes of heat transfer were
analyzed and thermal models were derived. Conclusions
are given separately for heat flow characteristics of
the electrode, ingot and slag of the laboratory unit.
An attempt was made to predict temperature distribution
in industrial units.
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an analytical model was derived and the temperature was
calculated with the following equation:
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T E T- exp Vk (Z < 0) (32)Tme E s
Two-dimensional heat flow was treated with a computer
thermal model. Satisfactory agreement was found between
the calculated and experimental temperature profiles along
the center line of the electrode.
2. Ingot - Laboratory Unit
Thermocouple measurements and sulfur prints were
used to determine the temperature distribution in the
ingot of the laboratory unit. An analytical thermal model
was not developed further because of its failure to predict
the shape of the metal pool. A computer thermal model was
derived which consisted of the solution of the heat conduc-
tion equation applicable to the ingot for the appropriate
boundary conditions. This model predicted the shape and
position of the mushy zone and also gave satisfactory
agreement between the calculated and experimental tempera-
ture distributions.
3. Slag - Laboratory Unit
The slag of the laboratory unit was at a nearly
uniform temperature because of convective and electro-
magnetic stirring except for boundary layers at interfaces
between the slag and the surrounding media.
The power was found to be the main independent
variable controlling melting rate. For positive electrode
mode, the melting velocity (within 10 percent) was related
to power input in the following way:
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VE (cm/min,+ 10 percent) = 0.26 x P (KW) (33)
The slag constitutes the main electrical resistance
and the main heat source in the ESR process. Heat is
generated in the slag non-uniformly and in particular
intense heat may be generated at the electrode-slag inter-
face where high interfacial voltage drop occurs.
The effect of electrode polarity was not
exhaustively examined. A change of polarity from positive
to negative electrode mode appears to lower the melting
rate.
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In the ESR process, the slag constitutes the
electrical resistance and the main heat source. Due
lack of data, it can only be concluded qualitatively
heat is generated non-uniformly in the slag and that
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degree of uniformity of the temperature depends on
convective and electromagnetic stirring.
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X. SUGGESTIONS FOR FURTHER WORK
The present study did not emphasize the explanation
of the complex phenomena which occur in the ESR slags.
As mentioned in the section on the industrial slags
(Section VIII.C), experimental work could be directed
toward a better understanding of the chemical and electro-
chemical reactions which occur in the slag. This would
involve experiments with various slag compositions and
electrical conditions. This would give a better under-
standing of the phenomena occurring at the electrode tip
and of the heat generation.
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determining th
electromagneti
studied are th
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the data necessary for the use of the thermal models (for
example, slag temperature, heat transfer coefficients).
These thermal models may then help improve the results
II
152
obtained with ESR units by optimization of the operating
parameters.
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APPENDIX I
Physical Data for Steel
Some physical data used in this study are given
below for steel as a solid, as a liquid or in a state
partially liquid and partially solid.
A. Thermal Conductivity
The thermal conductivity of 0.23 and 0.8 percent
carbon steels in the solid state is plotted versus
temperature in Figure I.1. An average value of 0.075
cal/cm/sec/0 C is used in the calculations made on the
electrode and on the ingot. This average value proves
to be satisfactory for temperatures above 500 0C.
The thermal conductivity of liquid stagnant steel would
be between 0.025 to 0.05 cal/cm/sec/ 0C(32,33). Because of
the effect of convection, the actual thermal conductivity in
the liquid metal pool at the top of the ingot would be higher
than the above values. Indirect methods are used to
determine this actual value (Section VI.D).
For steel in the mushy zone, the thermal conductivity
is assumed to be 0.075 cal/cm/sec/0 C.
B. Specific Heat
The specific heat of steel is assumed to be the same
as the specific heat of pure iron as shown in Figure 1.2.
In this study, constant values of 0.16 and 0.18 cal/g are
taken for the specific heat of solid and liquid steel
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Figure I.1: Thermal conductivity of solid 0.23 and
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respectively. For a steel in the mushy zone, a value of
0.17 cal/g
C. Electrical Resistivity
The electrical resistivity of a 0.23 percent carbon
steel is plotted versus temperature in Figure 1.3.
the calculations, the following linear approximation
used:
resistivity = (20 + 0.08 x T) x 10-6
T is in 0C. This approximation is assumed valid for the
three states.
D. Density
A constant value of 7.86 g/cm3 for the density
used in all the calculations.
E. Heat of Fusion
The latest value of 59 cal/g for the heat of fusion
is assumed to be valid for steel.
is used.
Q cm (I.1)
of pure iron(34)
1000
Temperature, UC
Figure 1.3: Electrical resistivity of 0.23 percent carbon steel
(Reference 31).
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APPENDIX II
Determination of the Melting Speed of the Electrode
The melting speed of the electrode was calculated
from the driving speed of the electrode. This driving
speed was determined using the experimental arrangement
shown in Figure II.1. A scale with pinch clamps spaced
every 5 cm was placed parallel to the driving screw of
the clamp. A microswitch attached to this clamp moved
along the scale striking the pinch clamps and short-
circuiting one of the thermocouples measuring a temperature
rise. The thermocouple was either inserted in the electrode
(Figure 4) or in the ingot (Figure 14). The average
driving speed of the electrode was calculated from the
measured distances between the short-circuits as shown on
the typical recorder chart of Figure 11.2. The melting
velocity of the electrode is expressed as:
V = driving speed x S E
SI
-microswitch
microswitch
(OFF ON)
pinch cla
scale
162
clamp
driving speed
screw
Figure II.1: Schematic drawing of the experimental
arrangement for the determination of the
driving speed of the electrode.
shortcircuiting of the thermocouple
by the microswitch
-4
Time
Figure 11.2: Chart giving a temperature rise and the
driving speed of the electrode.
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APPENDIX III
Differential Thermal Analyses on Steel
Two differential thermal analyses were conducted on
the steel of the electrode and of the upper part of one
ingot. They are described below and the results are
reported.
A. Electrode Steel
The AISI 1020 steel used for the electrodes has a
nominal composition(27) in weight per cent of 0.18-0.23 C,
0.3-0.6 Mn, 0.04 P maximum and 0.05 S maximum. However,
a chemical analysis on carbon gave 0.25 percent. The
melting point was determined using the following differ-
ential thermal analysis.
The experimental arrangement is shown in Figure
III.1. Three alumina crucibles were placed in a graphite
crucible, two of which contained samples of the steel rod
(25 g) while the third contained 30 g of OFHC copper. In
each, a Pt-6 percent Rh/Pt-30 percent Rh thermocouple,
encased in an alumina protection sheath, was inserted.
One thermocouple in steel and the thermocouple in copper
were in opposition to one another and were connected to
the Honeywell recording potentiometer described in Section
IV. This could detect a variation in temperature between
the two samples. The third thermocouple, connected to a
Alumina
cruci bl es
ID 1.4 cm
OD 1.8 cm
height
2.5 cm
Graphite
susceptor
ID 4 cm
0D 6 cm
height
12 cm
Thermocouples:
graphite
suscepte
steel
sample
copper -
sample
layer
of alumina
(1 cm th ick)
Pt-6%Rh/Pt-30%Rh
(0.011 in.diameter
wires)
Heating unit
Recorder 1 Recorder 2
L Y-j TC3
steel
differential
analysi
thermal
s
temperature measurement
inside steel sample
Figure III.1: Differential thermal analysis on electrode
steel.
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study (Section VI.I). The experimental arrangement was
almost identical to the arrangement for the electrode steel
(Figure III.1). Only two samples were used, a lOg OFHC
copper sample (1 cm diameter) and a 35 g steel sample
(2 cm diameter). Two thermocouples were inserted in the
steel sample.
The recorded curves are shown in Figure 111.3. On
heating, a transformation assumed to be melting occurred
at 1386 0 C (point A). At 1484 0C (point B) a sharp change
of slope indicated that most of the material was liquid
and another change of slope at 1493 0C (point C) showed that
the material finished melting at that temperature (peri-
tectic temperature). After the power was turned off,
undercooling occurred down to 1471 0C (point D) with
recoaslescence to 1476 0C. A change of slope at 13800C
(point E) was attributed to the end of solidification.
The temperature profiles recorded during ESR
solidification (Figure 16 and Figure 17) did not indicate
undercooling. The temperature of 14840C given by point B
of Figure 111.2 was taken as the liquidus temperature and
the temperature of 1380 0C (point E) as the solidus
temperature.
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Appendix IV
Temperature Rise Due to Heat Generation
in the Upper Part of the Electrode
In this appendix, detailed
on the steady state temperature
rise in the upper part of the el
is consider
generation
ed to
per un
be an infinite
it volume, WE (
calculations are made
and on the temperature
ectrode. The electrode
cylinder with a heat
cal/cm 3/sec).
A. Steady State Temperature
The steady
case is given by
state heat
the followi
d ( ksr ) + r WE 0di- s dr E
The boundary conditions are:
(1) r = 0, dT 0dr 
(2) r = R ,-k U|
r*R
nduction equation for this
differential equation
(IV.1 )
(IV.2)
(IV.3)= h(T - T )
The first condition expresses the radial symmetry
and the second, the heat flux with the surroundings at a
temperature T .
The solution to equation (IV.1) is given by:
T )-WE (R 2 - r2 W ER E+T4k s E r)+ +T (IV.4)
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The difference of temperature between the center line
and the surface is:
ERE2
ATc 4ks (IV.5)cs 4%
The values of the thermal conductivity and of the electrical
resistivity are taken as 0.12 cal/cm/sec/ C and 15 x 10-6 0
cm respectively (values at about 100 0C, as shown in
Appendix I). ATcs is calculated with equation (IV.5) for
the four experiments. The results, reported in Table 2,
show that this difference was less than 0.3 0 C. The tempera-
ture profile in a cross section was nearly flat.
The calculation of the absolute steady state
temperature requires the determination of the effective
heat transfer coefficient h. This is done below.
B. Temperature Rise in the Electrode
The temperature in the electrode is assumed to depend
only on time, t. The unsteady state heat conduction equation
is then given by:
pGRdT
PsE dr = REWE - 2h(T - T ) (IV.6)
The initial condition is
T = T9 at t = 0 (1V.7)
Assuming that the various parameters of equation
(IV.6) are constant, the solution can be written as:
T E E _ exp(- E t)] + T
This last expression s
increases exponentially towa
with a time constant t given
hows that the
rd the steady
by:
temperature
state temperature
pC sRE
T = 2h (IV.9)
The time it took for the electrodes in the four experiments
to reach 500C is given in Table 2. From these values and
using equation (IV.8), the heat transfer coefficients, h,
are calculated and given in Table 2. The calculated steady
state temperatures and the calculated temperatures of the
upper part of the electrodes when the thermocouples
reached the tips are also given.
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Appendix V
Heat Balance on the Lower Part
of the Electrode
The various terms involved in
the lower part of the electrode acco
are calculated below. The physical
Appendix I and the results are shown
are given in cal/sec.
The enthalpy variation of the
ing at 500 C and leaving at 1460 0C is
the heat
rding to
data are
in Table
balance on
Figure 11
those of
3. The fluxes
flow of material enter-
calculated with:
mE(H500C - H14 600C) = pVESE(H500C - H14 600C) (V.1)
The values of the enthalpies are taken from the tabulated
data of Elliott, Gleiser and Ramakrishna(29) on iron.
Heat flux, Ql, is calculated from the temperature
gradients read at 1460 0C on the plots of Figure 7, 8 and 9.
These gradients are assumed constant at the tip. Q, is
expressed as:
(V.2)1 ~ SE k T=1460 0 C
Heat flux
temperature of
The value
, Q2, has a value of zero because the
the upper part of the electrode is constant.
of the heat generated, Q3 , is given by
_ 1 .2
- 4.18 resistivity x iE x SE x (deff + dem
.... (V.3)
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An average value of 60 x 10-6 Q
the resistivity. This value correspon
temperature of about 500 0 C (Appendix I
current density.
Q4 has two terms: the first one
due to convection of the gas, the seco
to the heat transfer by radiation with
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= 27TR
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Q4r' corresponds
e surface of the
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es of the effective
Appendix IV are
is approximated by
d em +d
d/ h(T-T 0)dZ ~27Rh(T-T O)avr x d e
eff
..... (V.4)
The heat flux by radiation, Q4r' is calculated from
the heat flux by radiation per unit area, q,4r, in cal/cm 2/sec
which varies with the distance from the slag. q4r is
evaluated as shown in Figure V.1. Due to the indicated
configuration on this figure, only the first order radiant
interchanges between the element of surface dA and the
surroundings are considered. The interchanges with the slag
and the mold are expressed respectively with
q4r dA+A
5
-dA - F UT4 + AsFA aT 4
.... (V.5)
- - 410", -
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4 = -dA FdAA EaT4 + A F acaT
..... (V .6)
Fi is the view factor of surface i with surface j.
at, Ci and T are respectively the absorbtivity, the
emissivity and the temperature of surface i. Equations
(V.5) and (V.6) can be simplified. The reciprocity
theorem gives
dA 
- FdA+A
Ac ' FAc+dA
A d 
- FA5 dA
dA 
- FdA+A
The summation theorem leads to
FdA+A = F = 1 
- FA +dA
c
Kirchoff's law gives the following equality:
at = C i
The flux
is given by
by radiation per unit area of the electrode
= -GeE[F(T
The view factor, F,
Ts ssl)+
according to
- F)(T 4  - T)]c c
Figure V.1 is expressed as:
F = tan -
Tr
R E 
-Rm)
Z d eff
These calculations have
of the three first experiments
(V.12)
been applied to the condition
. The emissitivities of the
(V.7)
(V.8)
(V.9)
(V.10)
(V.11)
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Zd 
-f
Ieff
deff
inner wall of
copper mold
surface of slag
between the electrode andFigure V.1 : R ad ia t io n the surroundings.
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steel and of copper are taken as 0.25 and 0.5(
respectively. The emissivity of the slag is a
be 0.7. The temperature of the copper wall is
25 0C. The temperature of the surface of the s
three experiments are assumed to be 1550 0C, 15
1550 0 C respectively. These three temperatures
150 0C less than the temperatures measured in t
shown in Table 8.
The flux, q4r, has been plotted versus d
from the slag level in Figure V.2 for the four
The total flux by radiation, Q4r' is given by
Q4r = 2TrRE
d eff+de
d
e ff
q4r dZ
30)
ssumed to
taken as
lags in the
00 0C and
are about
he slags as
stance,
experiments.
(V.13)
After deduction of the heat flux by conduction, Q4c' the
final heat flux, Q4, is given in Table 3. Its positive sign
shows that heat was actually going into the electrode.
The heat flux, Q5 , corresponding to the heat flowing
into the electrode below the slag level, is obtained by
difference according to the heat balance shown in Figure 11.
ii
1.0 experiment 1
0 experiment 2
-4-)
---- experiment 3
S.- c, Operating data given in Table 1.
>) V
C\j
1 1
a)f
-0.5
Figure V.2: Heat flux by radiation in or out of the electrode.
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APPENDIX VI
Steady State Heat Conduction Equation
for a Moving Cylinder
An axisymmetrical cyl
in the direction of its axi
small volume fixed in space
(Figure VI.1) leads to the
conduction equation. This
equation has the following
inder is considered moving
s. A heat balance on a
and included in the cylinder
relevant steady state heat
is done in Table VI.l. The
form:
(Kr ) + 9 (Kr - pCVrT) + rW = 0
+ dr
r dedr dz
Elemental
Figure VI.1
volume for heat conduction
Heat Balance
Table VI.1
for Heat Conduction
equation
Equation
heat out
heat in
- heat out
conduction
(radial )
conduction
(vertical)
enthalpy
generation
-K }-
-K 9T9 z
rdedz|
rdedr|
pCVTrdedrfz
r 9
z - z
rdedz|
rdedr 
pCVTrdedr z+dz
r (Kr T)dedzdrr+dr 9Fr dr
(Kr T' )dodrdzz+dz 9z 9z
(pCVrT)dedrdz
Wrdedrdz
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z + dz
z
Vol ume:
heat in
Wrdedrdz
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Appendix VII
The EPS Computer Program
The EPS computer program(26) (Equilibrium Problem
Solver) provided by the project MAC at M.I.T. is designed
to solve two-dimensional boundary value problems for
elliptic systems of second order partial differential
equations in the steady state. It uses a finite
difference method permitting irregular lattices.
Systems of equations, of the following kind, can be
solved:
[- (akl ax + bkl + Ckl ul )
ekl + fklul) + gklul] =
[k = 1, 2, .. .n]
u1 , u2, ... u n are the dependen
y the independent variables. akl, bkl
either constants or functions of x and
specified.
The boundary conditions for each
must be take the following form:
t v
y,
aniabl
wh 9k
w h ic h
boundary
(VI I.1)
es and x and
and hkl are
have to be
sequent, m,
n
n (pklm F1  + qklm ul) = rkm [k = 1, .. ., n]1=1(V II1.2)
pklm' qklm, rkm are constants or functions of position to be
specified. Fk is expressed by
9u 1
+ 9 (dk l +
3y
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n = u I b u1Fk [-(akl + bk + ckl u ]
kl + ekl 9y + 1k u1) ]
3x/Ds and Dy/as are local boundary slopes where s
length.
Details about the method empl
Tillman(25) and Yavorsky(36).
For the solutions of a specif
parameters in the differential equa
conditions have to be defined. An
be provided. A relaxation factor,
parameter, delta, and an upper limi
limit, have to be specified.
This computer program can onl
the M.I.T. compatible time sharing
(VII .3)
is an arc
oyed are given
ic problem, the
tions and in the boundary
appropriate grid has to
omega, a tolerance
t to the number of passes,
y be run pre
system using
sently on
an IBM 7094
computer.
future.
It will be commercially available in the near
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Appendix VIII
Application of Two-Dimensional Heat Flow Model
to the Electrode of Experiment 2
The applica
(Section V.C.2) to
described below.
tion of the two-dimensional
the electrode of experiment
thermal model
2 is
The physical data were those of Appendix I, and the
operating data are given in Table I. The boundary condi-
tions, given in Table 5, have been applied in the following
way. For the numerical solution, the height of the elec-
trode was fixed to an arbitrary value of 20 cm. The
temperature, TE, was 500C. The flux, q, for boundary
condition 3, corresponding to flux, Q4, calculated in
Appendix V, was approximated with a linear function leading
to a value of 0.6 cal/cm 2/sec at the level of the slag (1.4
cm from the tip) and to a value of zero at the top.
The value of the thermal conductivity of the solid
slag, kslag, was taken as 0.002 cal/cm/sec/0 C as shown in
Appendix X. From the thickness of the slag layer around
the tip found experimentally to be equal to 0.05 cm (Section
V.A.2), the average heat transfer coefficient, h sl in
boundary condition 2 was calculated with
h slag - 0.002 = 0.04 cal/cm 2/sec/OC (VIII.1)eslag 0.05
The temperature of the surrounding slag is assumed to be
1650 0C, which is slightly lower than the temperature of
I'
1676 0 C measured
is proved
below the tip according to Figure 8.
later in this appendix that the values for
temperature of sl
heat flux, Q5, ca
The physica
operating paramet
(equation 3) and
transcribed in a
program as shown
A grid with 84 po
difference method
in the attached c
program, the data
parameters omega,
ag
lcU
1 c
ers
the
lan
in
int
omp
fi
li
and for h sl led to the appropriate
lated in Table 3.
haracteristics of the electrode, the
, the heat conduction equation
above boundary conditions were
guage understandable by the EPS computer
the enclosed data file MELEC INPUT.
s is also defined for the finite
It is drawn in Figure VIII.l. As shown
uter run, after calling for the EPS
le was coupled to EPS. The three
mit and delta were defined and the
solution was obtained after 37 passes. The output is
given in terms of horizontal line, j, vertical coordinate,
Z, center line and surface temperature, and a last quantity
which corresponds to the flux per unit area multiplied by
the radius of the electrode, RE. The total computer time
was about 21 seconds. The center line temperature is
plotted in Figure 8 for comparison with the experimental
results. The flux Q5 of Figure 11, calculated from the
above fluxes given by EPS, is found to be 220 cal/sec.
This value is 8 percent lower than the value calculated
with the heat balance of Table 3. In view of the
uncertainties involved, this result was considered
acceptable.
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I I I
print nelec input
W 2216.4
MELEC INPUT 08/03 2216.4
SET YTIP=-1.4, JTIP=-7, HSLLAY=.04, TSL=1650, TMP=1460,TTOP=50$
SET N=1, VELEC=.058, RELEC=1.27, IELEC=3, YTR=-1.4, JTR=-7, YTOP=-20, JTOP=-20$
DEFINE FX=FIT(X), X=.42*I, GRID=1+Gl(J GEQ JTR)$
SET G1(1)=0, G1(O)=1$.
DEFINE Y=YY(GRID), YY(")=YTR/JTR*J, YY(2)=YTR+(YTOP-YTR)"(JTOP-JTR)*(J-JTR)$
SET K=.075, SPECH=.16$
DEFINE A=E=K*FX, F=-7.86*SPECH*VELEC*FX, G=.00172*FX" H=-.103.FX$
SET B=C=D=0$
APPEND 0,0, IELEC,0, IELECJTOP,0,JTOP, 0,0 TO BORDER$
TALLY$
IMPOSE 1 ALONG 0,0, 1,0, IELEC,0
IMPOSE 2 ALONG IELEC,0,IELEC,-1,IELECJTIP
IMPOSE 4 ALONG IELEC,JTIP, IELEC,JTIP-1,IELEC"JTOP
IMPOSE 3 ALONG IELECJTOP, 1,JTOP, 0,JTOP
IMPOSE 5 ALONG 0,JTOP, 0,-1,0,0
SET P(1,1,1)=P(1,1,3.=Q(1,1,4)=Q(1,1,5.=R(1,5)=0,
P(1, 1,2)=P(,1,4)=P(1,1,5)=Q(1,1,1)=Q(1,1,3)=1, R(1,3)=TTOP, R(1,1)=TMP$
DEFINE Q(1,1,2)=HSLLAY*FX, R(1,2)=HSLLAY*TSL*FX,
R(1,4)=(.645+.0323*Y)*FX$
R 1.166+1.216
r eps
W 2217.9.
THIS VERSION OF EPS CREATED 4/21/68, PATCHED 12/11/69.
PROCEED:
read melec input$
FILE MELEC INPUT HAS BEEN OPENED.
DEFINITION OF NEW CURVE 'BORDER' HAS BEEN COMPLETED.
'BORDER' HAS BEEN CLOSED.
POINT TALLY IS 84.
END OF FILE ENCOUNTERED. FILE MELEC INPUT HAS BEEN CLOSED.
OF-
PROCEED WITH CONSOLE INPUT:
form$
SPACE FOR SOLUTION MATRIX HAS BEEN ALLOTTED AND ZEROED.
PROCEED:
set omega=1.65, limit=50, delta=.1
relax$
RELAXATION TERMINATED AFTER 37 PASSES~ MAX SOLN CHANGE: 0.8741863E-01.
PROCEED:
do print j,y,u(1,0,j), u(1,3,j), flux(1,3,j) for j=0 step -1 until -20$
0.00000000000
-1.OOOOOOOE+00
-2.OOOOOOOE+00
-3.OOOOOOOE+00
-4.0000000E+00
-5.0000000E+00
-6.OOOOOOOE+00
-7.OOOOOOOE+00
-8.OOOOOOOE+00
-9.OOOOOOOE+00
-1.0000000E+01
-1.1000000E+01
-1.2000000E+01
-1.3000000E+01
-1.4000000E+01
-1.5000000E+01
-1.6000000E+01
-1.7000000E+01
-1.8000000E+01
-1.9000000E+01
-2.0000000.+01
PROCEED:
quit$
R 16.016+4.500
0. 00000000000
-2.0000000.-Ol
-3.9999999E-01
-5.9999998E-01
-7.9999999E-01
-9.9999998E-01
-1.2000000E+00
-1.4000000E+00
-2. 8307692E+00
-4.2615384E+00
-5. 6923076E+00
-7.1230769E+00
-8.5538460E+00
-9.9846152E+00
-1.1415384E+01
-1.2846154E+01
-1. 4276923E+01
-1.5707692E+01
-1.7138461E+01
-1.8569230.+01
-1.9999999E+01
1.4600002E+03
1.3245949EA 03
1.2079322E+03
1. 1036890E+03
1.0078695E+03
9.1842393E+02
8.3460087E+02
7.5657996E+02
3.4456639E+02
2.3247599 E+02
1.9267285E+02
1.6665686E+02
1.4518527E+02
1. 26328 50E+~2
1. 0969 511E+02
9. 5078213E+01
8.2381103E+01
7.1603278E+01
6. 2686344E+01
5. 5526866E+01
5.0000005E+01
1.4600002E+03
1.3855744E+03
1.30749 74. +03
1. 2291660 . + 03
1.14889 36E+03
1. 0624786E+03
9.6 175042E+02
8.2766917E+02
3.4070209E+02
2.3791556E+02
1. 9639$ 25E+02
1. 70089 74E+~'2
1. 4823523E+ 02
1. 2903750E+02
1.1200595 E+02
9 .6984005E+01
8. 3925190E+01
7. 2773438E+01
6.3441634E+01
5.5863841E+01
5. 0000005E+01
-5.5884792E+01
1.3349480E+01
1. 7262167E+01
2. 1219381E+01
2. 529 5 414 E+01
2.9699940E+01
3.4901901E+01
5.5381242E+00
6.9997606E-01
6. 4 311198E-01
5. 8052825E-01
5.2049440E-01
4.6422037E-01
4.0785787E-01
3.4823160E-01
2. 8822989E-01
2.3077494E-01
1. 73986 27 E-01
1.1603878E-01
5. 7702798E-02
9. 0315267E-01
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-20 -20
-7 -1.4
y
cm
(3) ' top
0.645
cal/cm
0.0323 x y
/sec
= 1650 0 C
x, cm
SI I ..
0.42 0.84 1.27
Figure VIII.1: Grid for data file (MELEC INPUT).
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Changes in the grid size and in delta did not alter
the solution within more than 30C as shown in Table VIII.l.
It was concluded that the computer results converged
toward the proper solution. The value of 20 cm given to the
height of the electrode was also found sufficient for the
temperature in the electrode to be unaffected by the value
of height.
A change in the
from 500 C to 95 0C gave
which has been plotted
temperature of the entering material
a center line temperature profile
in Figure 8.
11
Sensi ti
to Grid
Thermal
number of
points in
grid
Table VIII.1
vity of the Numerical Solution
Size and Delta in the Computer
Model Applied to the Electrode
of Experiment 2
84
delta
Z, cm
0.4
1.0
2.8
5.7
1
1208.0
918.2
344.7
192 .2
0.1
1207.9
918.4
344.6
192.7
0.01
1207.9
918.4
344.6
192.6
188
126
0.1
1206.6
915.9
342.3
191.5
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APPENDIX IX
The Approximation of the Moving Fin
on the Entire Ingot
This appendix describes the solution of the
differential equation for the moving fin approximation.
The appropriate boundary conditions are given in Figure
25 and Table 6.
The solution for each medium, i, using the
reference temperature, T,, is of the form:
T = ai exp(Xi2
where
and
1PC V
7[k
k +
) + S3 exp(x Z)
FpC V1 2  8h
fki 2+- ],)1 i I
PC -V 8h.(k I 2  + ],h
1 i I
The
of equation
undary cond
between the
ons lead to th
ntinuous, al,
e
S I
following sy
, a2' 2 and
Tt al exp(-x Z ) + S1 exp(-j Z, )
= 1 +
n a 2 + 2
0 = 2
-kIal I + i i] = -k2 x2a2 + pV1L
(IX. )
(IX.2)(<0)
(>0) (IX.3)
stems
z1
Tin
Ti
(IX.4)
(IX.5)
(IX.6)
(IX.7)
(IX.8)
When the exponential
approximated with
exp(-XZ )
the unknowns
terms of equation
2Z2
= 1 - Z + - -2
can be expressed as:
1c4~1 Al-Al
__ 1
Ai - Al
[Tin( -k
[Tin A2
x2 ) + ] VzLk1
k 2 - k
k1 1 k ]
a2 Tin
is given by one of the two roots of
2 
1l+ '2] + Z [1k1
When the exponential
- 2 Tin
term of equation
further approximated with
- A the solution
then simply given as
k, (TinTt)
-k2X2Tin + pV1L
The temperature in the solid ingot is given by:
T 
- TW
Tin - T W - exp(AZ)
where A is given by equation
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(IX.4) can be
(IX.9)
(IX.10)
(IX.11)
(IX.12)
in 't
(IX.4)
= 0
(IX.13)
can be
for ZI
(IX.14)
(IX.15)
(I X. 2) .
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APPENDIX X
Heat Transfer Coefficient Between Ingot and Water
The heat transfer coefficient between ingot and
water, hi, is calculated directly with equation (7) for
the conditions obtained on the ingots of the experimental
study (Section VI.A). The heat transfer coefficients
h gap, hmold, h water' and hslag, explained in Section
VI.C.2 are successively calculated.
A. Heat Transfer Coefficient Through Contraction
Gap, hgap
The heat transfer coefficient, hgap, is the sum of
two terms. A first term, h cg, corresponds to the heat
transfer by conduction through the gas in the gap and a
second term, h rg' to the heat transfer by radiation between
the slag crust and the copper wall. The contraction gap,
eg is evaluated with:
e (Z) = cRI (T(Z) - Tco) X.l)
Ac, the expansion coefficient, has a value(31) of
1.2 x 10-5 (31). T(Z) is taken from the temperature profile
at 0.'6 cm from the surface of the ingot given in Figure 24.
T cois the temperature at which contraction started. The
coovalue of Tco is taken as 1350 C.
Assuming that the thermal conductivity of the gas
in the air gap is the thermal conductivity of stagnant air,
-&M -wa,
7
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k air' h is calculated with:
hcg = kar i/ (X.2)
At a distance, Z, the value of k air (37) is taken for an
average temperature between T(Z), previously defined,
and the water temperature of 100C. The results for hcg
are given in Table X.1.
The heat transfer coefficient, h rg, is evaluated
from the total heat transferred by radiation, q, from an
element dA of the slag crust at temperature, Ts, to the
corresponding element of the copper wall at temperature,
Tc. Heat flow q is given by(38):
dA a (T - T )
q s c (X.3)
s c
es and Ec are the emissivities of slag and copper wall.
The heat transfer coefficient, h rg, is then expressed as:
T - T 4
h = x s c (X.4)rg 1 + 1  Ts  -Tc
s c
Es is assumed to be 0.7 and E c is taken as 0.5(30). TS is
approximated with the experimental profile T(Z) of Figure
24. Tc is taken as the temperature of the water 283 0 K.
The value of h is given versus distance Z in Table X.1.
hrg is less than 1 percent of the heat transfer coefficient
by conduction,hcg'
Table X.1
Heat Transfer Coefficient Between Ingot
(Results
and Water
of Appendix
Z T(Z)
cm 0_C
1350
1180
900
g
x10 3 cm
5.1
13.5
Kair
cal/cm/!
sec/0 C
1.5
1.3
h
cg 2cal/cm /
sec/0C
0.029
0.0096
h
rg 2
cal/cm2/
sec/OC
0.0017
0.001
h
gap
2cal/cm /
sec/OC
0.2
0.3
0.01
h +slag+
s1 1
cal/cm /
sec/ C
0.0105
0.0105
0.0105
h 1 2
cal/cm /
sec/OC
0.010
0.0078
0.0051
0.0105500 25.5 1 .0 0.004 0.0004 0.004 0.0029
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The heat transfer,
As shown in Table X.1, h
cal/cm 2/sec/ C over the
occurred. This value is
on contact resistances b
casting machine.
h gap' is the sum of hcg and h .
gap was given a value of 0.2
first two cm where no shrinkage
based on the work by Irving(16)
etween metals in the continuous
B. Heat Transfer Coefficient Through Copper Wall, hmold
h mold is expressed as:
hmold = Kcopper/e wall
The thermal conductivity of copper, Kcopper, has
of 0.9 cal/cm/sec/0 C(30) and the wall thickness,
0.35 cm. hmold is in the order of 2.5 cal/cm 2/se
a
(X.5)
value
ewal 1
c/ 0C.
, is
C. Heat Transfer Coefficient Between Copper Wall and
Water, hwater
The flow of water i
16 liters/min. This flow
along the copper wall. T
number were calculated.
was evaluated at 0.02 cal
nto the 0.8 cm annular spa
gave a water velocity of
he Graetz modulus and the
Using McAdams data(30),
/cm 2/sec/ C.
ce was
16 cm/sec
Nussel t
hwater
D. Heat Transfer Coefficient Through the Slag, hslag
hslag can be expressed as:
hslag
= slag / slag (X.6)
H
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The thickness of the slag crust is about 0.9 mm. The thermal
conductivity of the slag, Kslag, is unknown as indicated in
Section VI.B.2. A value for Kslag of 2 x 10-3 cal/cm/sec/ 0C
was assumed and h was calculated with equation (7). The
results are given in Table X.1 and plotted in Figure 27.
For distances from the top of the ingot greater than 3 cm,
hI is found to have the average value of 0.0045 cal/cm 2
sec/ 0 C calculated with the moving fin approximation
(Section VI.C.2). It was concluded that the value for Kslag
of 2 x 10-3 cal/cm/sec/ 0 C was satisfactory.
'I
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APPENDIX XI
Computer Program for the Thermal Model
of the ESR Ingots
The application of the computer thermal model (Section
VI.
is
cal
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D) to
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data files were
program described
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data file, MESR
experimental study
of the insensitivit
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in Appendix VII.
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Section VI.A)
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in this
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Figure XI.l. The mushy zone is limited by two parabolas.
Z s(cm) = 2.6 - 0.184 x r
Z1 (cm) = 2 - 0.16 x r2
These parabolas correspond respectively to the lower and
( XI.1 )
( XI.2)
print mesr part2
W 2142.7
MESR PART2 07/20 2142.8
SET N=1, KING=.075, FING=1.25, FPOOL=1.4, TW=O, B=C=D=0$
DEFINE FX=FIT(X), HHG=YMZ-YMPFY=FIT(Y),
GRID=1+Gl(J GEQ JMP)+Gl(J GEQ JMZ)+Gl(J GEQ JL)$
SET Gl(0)=0, G1(1)=1$
DEFINE Y=YY(GRID), YY(4)=YL+(YING-YL)/(JING-JL)*(J-JL),
YY(2)=YMP+(YMZ-YMP)/(JMZ-JMP)*(J-JMP)"
DEFINE ZONE=1+Zl((J GRT JMP-1 )+( J GRT JMP))+
Zl((J GRT JMZ-1 )+( J GRT JMZ))$
SET Zl(0)=0, Z1(2)=1$
DEFINE Zl(1)=OCTANT GRT 3$
DEFINE K=KK(ZONE), FF=FFF(ZONE), H=HH(ZONE)-.007*FX' G=.
SET KK(1)=KPOOL, KK(2)=KMUSZ, KK(3.=KING, FFF(1)=FPOOL,
FFF(3)=FING, HH(1)=0, HH(3)=0$
DEFINE HH(2)=-464/HHG*VING*FX, F=-FF*VING*FX, A=E=K*FX$
APPEND 0,0, 0,JING, IINGJING, IING,0, 0,0 TO BORDER$
TALLY$
IMPOSE
IMPOSE
IMPOSE
I MPOSE
SET P(
R(
1
2,
3J
4
",1
1,3
DEFINE Q(
R .866+1.
ALONG 0,JING, 1,JING, IINGJING
ALONG IING,JING, IING,1, lIING,0
ALONG IING,0, 1,0, 0,0
ALONG 0,0, 0,1, 0,JING$
,1)=P(1,1,2)=P(1,1,14)=Q(1, 1,3.=1, P(1,1,3)=
)=TS, Q(1,1,14)=0$
1,1,1)=-F, Q(1,1,2)=HI*FX, R(1,2)=HI*TW*FX$
633
000028*FX$
FFF(2)=FMUSZ,
R(1,1)=R(1,14)=0,
print mesr ins
W 2144.9 -
.0
MESR INS 07/20 2144.9
DEFINE YMZ=-.184*(FX POWER 2)+2.6, YMP=-.16*(FX POWER 2)+2, HI=HHI(HT),
HT=1+HT1(Y GRT 2)+HT1(Y GRT 5), HHI(2)=-.00183*Y+.0137$
SET HTl(1)=1, HT1(0)=0, HHI(1)=.01, HHI(3)=.0045$
.SET KPOOL=.11, IING=3, JMP=5, JMZ=7, JL=12, YL=3, JING=24, YING=25,
TS=1680, VING=.0177, RINGOT=2.5, KMUSZ-.075, FMUSZ=1.34$
DEFINE X=XX(I), YY(1)=YMP/JMP*J, YY(3)=YMZ+(YL-YMZ)/(JL-JMZ)*(J-JMZ)$
SET XX(0)=0, XX(1)=1, XX(2)=1.9, XX(3)=2.5$
R .666+.700.
r eps
W 2145.8
THIS VERSION OF EPS CREATED 4/21/68, PATCHED 12/11/69.
PROCEED:
read mesr ins$
FILE MESR INS HAS BEEN OPENED.
END OF FILE ENCOUNTERED" FILE MESR INS HAS BEEN CLOSED.
PROCEED WITH CONSOLE INPUT:
read mesr part2$
FILE MESR PART2 HAS BEEN OPENED.
DEFINITION OF NEW CURVE 'BORDER' HAS BEEN COMPLETED.
'BORDER' HAS BEEN CLOSED.
POINT TALLY IS 100.
END OF FILE ENCOUNTERED. FILE MESR PART2 HAS BEEN CLOSED.
PROCEED WITH CONSOLE INPUT:
form$
SPACE FOR SOLUTION MATRIX HAS BEEN ALLOTTED AND ZEROED.
PROCEED:
set omega=1.65, limit=60, delta=1".1
relax$
RELAXATION TERMINATED AFTER 57 PASSES. MAX SOLN CHANGE: 0.9009841E-01.
PROCEED:
set i=0
do print j,y,u(1,0,j), u(1,2,j), u(l,3,j), flux(1,3,j) for j=0 step 1 until 12$
0.00000000000
1.2724706E+02
1.0000000E+00
-4.0374631E+01
2.0000000E+00
-3.9089688E+01
3.0000000E+00
-3.8087109E+01
4.0000000E+00
-3.7285640E+'1
5.OOOOOOOE+00
-3.6545070E+'1
6.0000000E+-0
-3.5603211E+01
7. 0000000E+00
-3.4416093E+01
8.0000000E+00
-3. 2937774E+01
9.0000000.+00
-3.1142627E+01
1.OOOOOOOE+01
-2.8055514E+01
1.1000000E+01
-2. 5217712E+01
1.2000000E+01
-2.1816151E+01
0.00000000000
4.0000000.-01
7.9999999E-01
1.2000000E+*0
1.6000000E+00
2.OOOOOOOE+00
2. 3000000E+00
2.6000000E+00
2.6800000E+00
2. 7600000E+00
2. 8400000E+00
2.9200000E+00
3.0000000.+00
1.6800000E+03
1.6360434E+03
1.5910910E+03
1.5478164E+03
1.5082034E+03
1.4734743E+03
1. 4262771E+'3
1.3681145E+03
1.3490856E+03
1.3305841E+'3
1.3125668E+03
1.2950070E+03
1.2778971E+03
1.6800000E+03
1.6296370E+03
1.5811693E+03
1.5385746E+03
1.5025644E+03
1.4725484E+03
1. 4290207E+-'3
1.3794588E+03
1.332 73 49E+03
1.2887314E+03
1.2471539E+03
1.2079494E+03
1.1712862E+03
1.6800000.+03.
1.6116633E+03.
1.5609652E+03
1.5210820E+03
1.4890349E+03.
1.4636817E+03.
1.4233485E+'3.
1. 3813794E+03
1.3169341E+03
1.2560309E+03.
1.2002822E+03.
1.1487058.+03
1.0997845E+03
PROCEED:
do print j,y,u(1,0,j), u(1,2,j), u(1,3,j), flux(1,3,j) for j=14 step 2 until 24$
1.4000000E+01
-8.4855084E+00
1.6000000E+01
-5.6251553.+00
1. 8000000E+01
-3.7318774E+00
2.0000000E+01
-2.4889350E+00
2.2000000E+01
-1. 71292 00E+00
2.4000000.+01
-2.6579685E+00
6.6666666E+00
1.0333333E+01
1.4000000E+01
1.7666667E+01
2.1333333E+01
2.5000000E+01
8.0850087E+"2
5.3566212E+02
3.5540741E+02
2.3699803E+02
1.6276105E+"2
1.3296144E+02
7.7494699E+02
5.1355218E+02
3.4074323E+02
2.2722446E+02
1.5605289E+02
1.2748240E+02
7.5082160E+02
4.9767005E+02
3.3020938.+02
2.2020217E+02
1.5123183.+02
1.2354438E+02
PROCEED:
do print i,x, flux(1,0"i,o)""0), flux(1,i,24) for i=0 step 1 until
0.00000000000
1.0000000E+"0
2.OOOOOOOE+00
3.OOOOOOOE+00
PROCEED:
quit$
R 32.216+7.400
0.00000000000
1.0000000.-+00
1.9000000E+00
2.5000000E+00
9.5749907E+00 -2.5902716E-01
5.3946269E+01 -2.8263377E+00
1.1206843E+-2 -5.1528643E+00.
1.2724706.+02 -2.6579685E+00
.0
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Figure XI.l: Grid for the use of EPS on the thermal model of the
ESR ingots.
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upper limits. The height of the ingot was taken equal to
25 cm. This length is the minimum length for the tempera-
ture in the first 15 cm of the ingot to be unaffected by
the value of length.
The enclosed computer sheets show that the EPS
program was first called and
in. The finite d
relaxations were
parameters omega,
obtained after 57
are given in term
y, of temperature
of the ingot and
physical flux per
ingot. The total
the two data files were read
ifference equations were generated and
initiated after definition of the three
limit and delta. The solution was
passes. The results on the print-out
s of line, j, of the distance on the axis,
along the axis, at 0.6 cm from the surface
on the surface. The calculated flux is the
unit area multiplied by the radius of the
computer time was about 40 seconds.
The sensitivity of the solution to the number of
grid points and to the tolerance parameter is shown in
Table XI.1 for a few selected points. On the 150 point
grid, the solution is the same for the delta of 0.1 and
0.01 except near the bottom of the ingot were the difference
is 10 C. Between the solutions obtained with the 150 point
grid, delta of 0.1 and the 228 point grid, delta of 0.5,
the discrepancy is less than 50C except near the bottom of
the ingot were this discrepancy reaches 13 0 C. Only the
higher temperatures are really of interest. At 1350 0C,
the temperature gradient is at least 150 0C/cm. An error
of 5 0C alters the position of a given temperature by less
than 0.3 mm, which is within the experimental inaccuracy.
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Table XI.1
Influence of the Number of Points of the Grid
and of Delta on the Temperature Distribution
in an Ingot Calculated with EPS
number
of
poi nts
in the
grid
delta
100
0.1
center line
temperature
(O C) at dis-
tance, Z (cm)
from top of
ingot
surface
temperature
(OC) at dis-
tance, Z (cm)
from top of
ingot
2.0 1483
2.6
3.0
14.0
1.4
1.1
3.0
1378
1288
365
1474
1391
1110
150
1
1494
1389
1298
359
1468
1412
1119
150
0.1
1496
1391
1300
369
1469
1413
1120
150
0.01
1496
1390
1300
369
1469
1413
1120
228
0.5
1491
1386
1297
360
1465
1409
1120
14.0 340 335 343 344 330
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The solution obtained
0.1 was considered to
satisfactorily.
with the 100 point grid, delta of
approximate the true solution
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APPENDIX XII
Calibration of the Infrared Pyrometer
Calibration cu
for the Irtronics in
curves were adjusted
instrument was used
made ove
using a
(Figure
Rh wires
alumina
graphite
with a 4
Th
graphite
r a range of
thermocouple
XII.1). The
(0.01 in.di
tube. This
tube (I.D.
mm high gra
e slag was h
crucible as
rves were supplied
frared pyrometer.
for the exact con
on the ESR unit.
temperatures
and the same
thermocouple
ameter) encas
alumina tube
3.5 mm, O.D.
phite plug.
eated with an
a susceptor
by the manufacturer
These calibration
ditionsin which the
A calibration was
from 14000C t
slag as in th
consisted of
ed in a 3 mm d
was protected
7 mm) closed a
induction
Figure XII
o 166
e ESR
Pt/
i amet
by a
t one
0 0C,
uni
Pt-1
er
end
unit using a
.1). The tube
of the pyrometer and the thermocouple were immersed in the
slag over a distance of about 3 cm. By moving the thermo-
couple up and down, the temperature of the slag was found
to be essentially uniform in the volume where the tempera-
ture was measured.
The calibration of the pyrometer was obtained during
cooling of the slag from 1660 0C to 14000C.
The argon flow rate used to form bubbles was 0.3 1/min.
Doubling this flow rate was found to change the temperature
measurement by about 100 C.
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The inaccuracy on the temperature measurements was
estimated at about + 200C.
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Figure XII.l: Schematic drawing of the experimental
arrangement for calibration of infrared
pyrometer.
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APPENDIX XIII
Dimensional Analysis for Heat Flow in Ingots
A dimensional heat flow analysis is made for ingots
of pure material.
ham Pi theorem(45
in Table XIII.l.
can be combined w
four. Using as a
VI, the analysis
completely descri
replaced by combi
been rearranged t
Table XIII.2. Th
This analysis is
). The 15 quantit
The number of max
ithout forming a d
base the quantiti
gives 11 dimension
be the problem. S
nation of other gr
o produce 11 more
e seventh group, C
based on
i es
imum
i men
es,
less
ince
oups
comm
s (Tm
i nvol v
quant
si onl e
T m-TW,
group
a gro
, the
on gro
-TW)/V
the Bucking-
ed are listed
ities that
ss group is
ks, RI and
s which
up may be
results have
ups given in
2 represents
the ratio of
which is not
For a
Table XIII.2
an enthalpy term to a kinetic energy term
really relevant to this study.
given material, the last four numbers of
represent the operating dimensionless groups.
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Table XIII.1
Quantities Involved in Heat Flow Analysis
quantity
1. T-TW
units
(absolute)
M.L.e.T.
3. Z
4. R
5. Tm-T W
7. ps
8. C1
T
M/L3
M/L3
L2 2T
quantity
9. Cs
10. k
11. ks
12. L
13. h
14. Tt-TW
15. VI
units
(absolute)
M.L.eT.
L22TL 2/0 2T
ML/3 T
ML/03T
L2 /02
M/3 T
T
Table XIII.2
Dimensionless
1. T-TW/Tm-Tw
2. r/R1
3. Z/R1
4. p /ps
5. C /Cs
6. L/Cs (Tm-TW)
Numbers in Heat Flow Analysis
7. C (Tm-T 2
8. Tt-TW/TM- TW
9. psCsVIRI/ks
10. ks/k 1
11. hIRI/ks
I
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